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"l  loi-  troiiuignclii.'  l’ropay;ilioii  C'llara^,■t^.■ri^lic^  of  Surface  Materials  aiul  liilerlaee  Aspeels"  was  the  topie  of  a 
Speeialists'  Meeting  eomhieted  hy  the  l leetromagiietie  Wave  I’ropagation  Panel  of  A(IARl)  m aiituinn  I It  took 
place  at  the  TechMical  University  of  Istanhnl,  Turkey,  on  ISth  and  |dth  October  l‘>7(i.  I hese  Conference  Proceedings 
contain  papers  and  contributions  to  discussions,  as  well  as  an  aeeonnt  of  the  ronnd-table  disenssion  covering  the  entire 
subject  of  the  meeting. 

In  the  Ijeld  of  electromagnetic  wave  propag.itioii.  essential  limiting  conditions  may  he  represented  by  characterislies 
and  behaviour  of  upper  and  lower  boundaries  of  the  propagation  environment.  Hie  perform.inee  of  propagation  paths 
may  depend  significantly  upon  variations  in  such  surface  properties;  optimum  predictability  is  one  of  the  desired 
features. 

The  subject  of  surface  eharaeteristies  is  usualK  addresseil  in  connection  with  or  as  part  of  meetings  concerning 
other  main  topics.  I'he  more  direct  approach  undertaken  in  this  meeting  has  allowed  to  account  for  the  increasing 
importance  of  appropriate  parameters  for  a number  of  modern  fields  of  research  and  engineering  applications  such  as 
remote  sensing  and  surveillance,  t.irget  recognition,  sub-surface  prvipagation.  etc.  In  addition  to  a general  evaluation  of 
recent  data,  papers  and  discussions  at  the  meeting  covered  the  variability  of  parameters,  their  geographical  distribution, 
and  limitations  to  their  validity . 

The  entire  subject  of  the  meeting  was  vlealt  with  m three  sessions,  eoneermng  I M surface  characterjsties.  propagation 
III  interface  media,  and  gkibal  ilistribution  of  I M surface  charaeterjsiics.  .A  round-table  discussion  at  the  conclusjon  ol 
the  meeting  .issisted  In  elarjfy  ing  the  present  state  of  the  art,  engineering  aspects,  and  promising  areas  of  research.  Two 
review  p.ipers  at  the  beginning  of  the  first  session  concerned  the  present  state  of  the  art  with  regard  to  electromagnetic 
properties  of  water,  and  methods  ol  me.isuruig  groiiiul  resistivity  . Other  contributions  m this  session  presentevi  reeeiil 
results  111  this  gener.ii  lieUI.  I he  second  session  commenceil  with  p.ipers  on  Ihev'relie.il  work  and  an.ily  lical  methods 
with  emphasis  on  interface  media  ,ind  modern  communication  rei|uiremenls.  other  papers  included  esperiment.il  data 
obtained  under  special  surface-dependent  propag.itioii  conditions.  I ollovving  .1  review  paper  m the  third  session  on  the 
possibilities  of  monitoring  .itmospheric  and  surface  propag.itioii  characteristics  Ifom  sp.we,  other  conlribiilions 
reported  results  related  to  global  distribution  m geiier.il. 

In  simimary . this  .Specialists'  Meeting  prov  ided  the  intended  rev  lew  ot  the  st.ite  ol  the  art  111  this  tield  ol  rese.irch, 
discussed  theoretical  and  parlis.il  aspects,  and  indicated  piomisuig  .ireas  ol  research.  I liese  ( onference  I’roeeedings 
give  a lull  .leeoiinl  of  papers  and  discussions 

.Appreciation  is  espressed  to  all  who  .issisied  in  the  organi/.ition  ot  the  Speci.ihsts'  Meeting  as  well  as  in  the  eom- 
pilation  ol  these  I’roeeedings,  to  members  ol  the  progiamme  committee,  authors  ,ind  conlribiilors  to  discussions, 
session  chairmen,  to  the  host  coordm.ilor,  to  At  1 AKD-st.ifl  .md  other  eoll.iborators. 
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Altliongh  the  material  cbaracleristics  ol  one  or  both  ol  upper  and  lower  boundaries  ol 
prrip.igatioii  environments  have  been  lonched  n|Hni  ilnriiig  the  l.ist  leu  years,  the  snbiect  li.is 
gainerl  in  interest  and  has  become  important  for  a number  of  modern  lields  ol  research  .ind 
engineering  applications,  such  as  remote  sensing  and  surveillance,  target  recrigintion.  sub-surtace 
propagation,  etc.  ( onseriiiently,  essential  progress  is  being  made  in  the  general  lield  ol  siirlace 
characteristics  and  with  regard  to  some  special  aspects,  as.  for  instance,  the  variability  ol 
parameters,  their  geographical  disiribiilion.  and  limitations  to  their  validity.  1 he  topic  pro- 
posed promises  to  be  relevant  to  military  applications  as  well  as  to  projects  in  space  research. 
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Electromagnetic  properties  of  water, 
at  frequencies  below  1 000  GHz,  as 
met  in  its  various  forms  found  at  the 
surface  of  the  Earth 


by 

P.M.  HALLEY  * 


ABSTRACT 


Water  is  the  most  commonly  found  form  of  matter  on  the  Earth's  surface  and  it  is  practi- 
cally present  everywhere. 

In  the  static  condition,  the  dielectric  properties  of  water  and  the  conductivity  of  aqueous 
electrolytes,  such  as  sea-water,  are  very  well  known.  Recent  theories  in  the  field  are  undergoing 
development  (Kirkwood  - Frdhlich). 

In  the  harmonic  condition,  the  application  of  a relatively  simple  theory  (Debye,  Onsager) 
provides  perfectly  satisfactory  results. 

These  theories  are  closely  linked  to  a water  molecule  model  which  is  folded,  strongly  polar 
and  to  mutual  inter-molecular  action. 

The  most  widespread  natural  body  and  the  most  homogeneous  on  the  Earth's  surface  is  the 

12 

Ocean.  Its  characteristics  are  quite  well  known  up  to  10  Hz.  It  is  very  opaque  to  e.m.  waves. 

The  polar  ice-caps  are  less  homogeneous,  with  less  well  known  characteristics  un  to  10^'  Hz 
only.  Ice,  at  low  temperatures  is  less  opaque  to  e.m.  waves  than  the  Ocean. 


1.  - THE  THREE  Fl'XIlAMENTAl.  v.m.  CHARACTERISTICS  OF  PHYSICAI.  MEDIA  (l)  : 

MiTSi  probU'tns  in  ruiicroscopic  t'lectroni,iRnot.ism  - where  non-linoar  effects  are  not  considered  - 
can  be  strived  by  supposing;  tli.it  certain  linear  equations  hold  in  the  vicinity  of  the  point  under  con- 
sideration for  field  vcct*irs«  These  equations  are  : 


(1)  D = > F (2)  ” " ^ ® J = 0 E 

The  cv>ef  f ic  i ent  s are  labelled 


' : the  electric  permittivity  or  specific  induction  power  or  dielectric  constant 

n : the  magnetic  permeability 

0 : the  conductivity 


Thefid  coefficients  have  to  be  evaluated  in  the  vicinity  of  the  point,  and  at  the  frequency, 
under  cons  i dera  t i <>n  solely  from  the  physical  properties  of  the  medium,  using  both  thet'ry  and 
experiment.it  ion. 


Obviously,  fri>m  the  three  fundamental  characteristics  E,  li,  one  can  elaborate  others  better 
suited  to  certain  problems. 


* Captain,  Marine  Sationale 
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Senior  Kxecutive  Kngineer 
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Within  the  scope  of  the  present  study  we  shall  first  briefly  examine  tlie  relative  importance 
of  the  characterist ics  and  the  order  of  magnitude  of  the  known  values.  We  shall  then  proceed  with  an  in- 
depth  study  of  the  main  characteristics  of  water  and  ice  forms. 

l.l.  Magnetic  permeability  u 

On  the  Earth's  surface,  exceptional  cases  being  neglected,  and  if  one  leaves  out  ferromagne- 
tic materials,  we  need  not  concern  ourselves  with  magnetic  permeability,  to  all  intents  and  purposes,  and 
we  can  take  it  that  the  magnetic  permeability  u is  the  same  everywhere  and  equal  to  that  in  free  space  or 

in  a vactium  i.e.,  u • 
o 

In  the  MKS  (A)  system,  which  we  shall  be  using  (except  where  noted  otherwise  in  the  text) 


(A) 


U =4-rT.lO^(HmS 


1,2.  Electric  permittivity  c 

This  characteristic  varies  on  the  Earth's  surface,  not  only  from  one  body  to  another,  but 
also  varies  as  a function  of  frequency. 


The  electric  permittivity  of  a vacuum  is  (5) 


e = —J.  ■ ( p m ^ ) 


c u 

o 

where  c is  the  speed  of  light. 

For  each  material  body  wc  can  define  the  electric  permittivity  relative  to  that  in  a va- 


cuum, as  per  : 


(h) 


Moreover,  Maxwell's  equal  ions  lead  t«’>  the  equal  ion  (7)  ► = n“,  whore  n is  the  retractive 

index  of  the  medium,  valid  for  the  harmonic  condition. 


the  cqUiition 


It  proves  convenient  introduce  a ve»  lor  l.-r  induced  electrical  polari -'a  t ion , defined  by 


(8) 


The  vector  P is  sel f-catuel I ing  in  a vacuum  md  likewise  where  there  is  no  tield  present. 
This  vector  therefore,  represents  presence  of  matter. 

1.3.  Electric  cv’nducl  i vi  t v 

This  is  the  most  variable  e.m.  charac ttT i st i c by  tar,  and  hence  the  most  important. 

Free  space  or  a vacuum  is  the  only  physical  medium  which  presents  an  identically  nil  con- 
ductivity. For  this  reason,  space  is  perfev-tly  transparent  to  e lec  t romagnot  ic  waves.  Ollier  physical 
media,  c. tiled  materials,  all  present  a certain  degree  of  opacitv,  i.e.,  the  have  a finite,  non-nil,  equi- 
valent conductivity  . It  is  for  this  reason  that  the  most  important  e.m.  characteri st ic  of  a propagation 
medium  is  its  cvinduct  ivi  tv  ! It  is  me.asured  in  siemens  per  meter  or  mho  per  meter.  Naturally  0 is  a func- 
tion of  frequenev. 

I. -4.  Complex  electric  permittivity 

Maxwell's  equations  lead  ti>  a combinatory  formulation  with  both  characteristics  C and  ■'  for 
a ni»n-fiTrom.Jgnet  ic  bodv,  in  the  space  where  the  field  is  to  be  considered  and  in  the  harmonic  condition 
defined  hv  the  operator 

C**)  IF  " j"  • 

into  a single  ch.irac ter i st ic  called  the  complex  electric  permittivity 


(10) 


' sr  “ ^ - j”' 

o 


Fsing  this  formulation,  one  need  only  ref >r  to  a single  characteristic,  although  distin- 
guishing the  real  and  the  imaginary  parts,  or  taking  the  relative  permittivity  c , on  one  hand,  and  the 
tangent  of  the  loss  angle  p on  the  other  hand. 

The  electric  permittivity  of  a body  is  related  directly  to  its  molecular  structure.  The  di- 
polar electric  moment  is  one  of  the  most  important  m<>lecular  constants.  Polarizability  is  another  ma]or 
characterist ic , These  values  can  both  be  obtained  from  dielectric  measurements. 

Recently  an  effort  has  been  made  into  a theoretical  analysis  of  dielectrics  has  led  to  impro- 
ved interpretation  of  the  properties  of  condensed  media  and  to  a utilization  of  measurements  made  with  va- 
pours and  diluted  solutions. 


1 

! 

{ 


I 
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The  complex  electric  permittivity  depends  on  freque.  .-y  ; it  is  also  hiji;hly  interesting  as 
regards  the  orientation  of  the  molecule  and  regarding  our  knowledge  of  relaxation  times. 

2.  THE  SCALE  OF  VALOFS  OF  CONnUCTIVITY  AND  THH  M/UOR  KOLK  OF  WATKR  AT  THK  SURFACE  OF  THE  EARTH 

2.1.  At  the  nil  frequency,  i.e.,  in  the  static  condition,  there  are  man-made  bodies  which  have  very 
low  conductivity  values  : 


Body 

j Conductivity  0 ^ (Q  m ) 

Me  Ued  quartz 

i 

A 

o 

1 1 

Common  glass 

-12 

10 

1 metals  with  high 

conductivity  values 

Steel 

0.5  .It  1 X 10^ 

Copper 

5.7  X 10^ 

The  ratio  of  the  orders  of  magnitude  in  powers  of  ten  is  24. 


Bodies  and  materials,  in  general  non-homogeneous  and  even  heterogeneous  that  arc  found  o’^  he 
Earth's  surface  or  in  the  top  surface  layers,  have  static  conductivity  values  which  lie  betwe€*n  the  *o 
extremal  values  given  in  the  table  above.  These  are  mainly  aqueous  solutions  in  their  solid  or  liquid  sta- 
tes and  rocks.  The  following  approximate  values  arc  found  : 


Body 

1 Conductivity  0^  (fl  ^ m 

Dry  hasalt 

\ 

I’ure  soft  water  ice 

10-« 

Very  pure  water  , 

lO-^' 

Dry  ground  (granite)  | 

to”'’  to  lO'^ 

Soft  water  (lakes  and  1 
rivers)  ' 

5 X in“^ 

Sea-water 

4 to  S 

\\»c  ratio  of  the  extremal  orders  of  magnitude  (dry  basalt  and  sea-water^  in  powers  of  ten  is  from 
9 to  10  maximum. 

2.2.  Very  pure  water  is  a relatively  poor  conductor,  but  it  i s/quas i -uni  versa!  solvant.  Practically 
all  known  chemical  compounds  dissolve  in  water,  to  a measurable  degree.  The  aqueous  solutions  of  th** 
miner. jIs  which  make  up  rocks  are  .all  more  or  less  conducting. 


('ert.nn  subterranean  layers  .ire  highly  mineralised.  Certain  lakes  are  salt-l.aden.  Such  masses 
of  liquid  like  sea-water,  are  iudeed  strong  electrolytes. 

On  one  haml  water  can  be  seen  as  a most  corrosive  agent,  reacting  with  ions  .md  molecules. 

It  infilters  rocks.  It  can  fW'W  from  the  surface  to  a subterranean  layer,  but  can  also  rise  from  a 
subterranean  layer  to  the  surface,  by  capillarity.  Its  presence  directly  affects  the  e.m.  characte- 
ristics of  the  E.irth’s  rocks,  including  so-called  "dry"  basalt.  The  Ancient  Greek  philosopher 
Aristotle  had  included  water  .jmong  his  four  elements,  together  with  earth,  .li  r and  fire. 


To  SJimmarize,  from  an  e 1 ec  t rom.agne  t i c pciint  of  view,  solid  i^r  liquid  state  water  presents  the 
magnetic  perme.ib i 1 i ty  value  of  a vacuum  u . Moreover,  because  it  contains  free  charges,  or  monopolar 
charges,  i.e.,  ions,  it  possesses  a ccrta?n  real  conductivity  value  0*.  An  external  electric  field  E 
applied  to  a s.implc  c.uises  an  <rderly  displaremenf  of  these  charges,  i.e.,  a conduction  current. 

Lastly,  water  has  a certain  electric  permittivity  € which  is  a tisult  of  pol  ari  ^.at  ion  ; the  latter 
being  <lue  mainly  to  the  statistical  orientation  of  permanent  dipoles.  In  the  harmonic  condition,  losses 
by  friction  of  the  orientation  of  the  dipoles  in  neutral  water  give  rise  to  an  addition.il  conductivity 
value  o",  additional  to  ionic  conductivity.  The  effective  c('nduc  t i vi  t v v.ilvjo,  for  the  frequenev  under 
cons  i der.'i  t i on , is  the  sum  of  the  two  rlemontarv  conduc  t i vi  t i es  . 
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1.  DlSTKIlUVriON  OF  U'ATKK  AT  ITIF  Sl'KFACF  OF  !TIF  F.AKTII  [j]  : 


Walor,  t lu-  nu>sl  fimuiu>n  is  present  i'VitvwIuti'  on  tlu*  Karili's  surlaco. 

plaiu't  Kaith  ooulii  moro  appropr  i a lo  1 v l>o  oallod  llu-  walor  plaiul,  siiuo  watoi  is  probably 
i- i t i o substaiu-f  wbiob  J i si  i njpi  i sbos  l ho  Kartb  t rom  t ho  ollu*r  plaiu'ts  in  tlio  Si»lar  sysloiii. 
It'f  praolioally  ovorywhoro,  on  tho  snrtaoo  al  a rolalivolv  siiallow  clopth. 


In  t .u  t , I iu 
l ho  niosl  spo- 
Thoro  is  wa- 


H I H ' 

I.l.  Tho  total  atiK'nnl  roproStnUs  a volnnio  ol  13, S x 10  km  tor  a tolal  plajiol  surtaoo  ot  'j.lW  x 10^  km" 

On  a sphorioal  moUol  tho  thioknoss  ot  tho  wator  layor  wv>nhl  In*  I'.hSO  km. 


Tho  approximato  y,lohal  distribution  ot  lliis  wator  is  as  tiWIows  : 

- tho  oooans  : thoso  j^ooounl  for  I'i  x lO^  km*,  i.o.,  i>l  tho  total,  tor  an  oooanio 

surtaoo  ot  I.o  x 10  knr.  Tho  moan  dopth  ol  iho  oooans  is  lhori'l.»ro  I.hlO  km. 

- Iho  polai  ioo-oaps  : tho  Antarotio  platoau  holds  d.S  to  2,4  x 10^  km ^ of  soil  walor  ioo, 
to!  a o.oop.raphi  o surtaoi*  i)t  I . S x 10^  km-.  Thi*  .ivi-ra>»o  thioknoss  of  this  iif  is  1.8  km. 

Iht  \rot  > • only,  aooounts  for  I x 10^’  km^  ot  tolal  stO  i walor  ii  o. 


Oospilo  tho  I’iM^s i ilorah  1 1‘  quantity  ol  waloi'  tak«,*n  up  by  tho  pt'lar  ioo-oaps  iho  od>;os  ni  tho 
tiiiontal  masst's,  tho  '\’<uu  i nont  a 1 slolvos"  aro  oovorod  hv  soa-wator.  t''v»,'n  it  l!\o  axis  I't  roialiv^n  ot  tlu* 
Karth  woro  ti>  moot  tho  surtaoo  in  twi«  o«.'nt  i nont  s , whioh  won  U1  approx  i mat  o I v dimhlo  tho  amount  itf  ii-o 
in  tlu*  ioo-oaps,  a v*o»js  iiU*rah  I o aroa  ot  tho  ooniinontal  slu’lvos  wouUI  still  ho  uiiilor  walor,  undor  t lu- 
piovailiny.  oondllions  of  t ompo rat uri* . 


- tho  u|)por  part  of  tho  non- i mmorsoil  torroslrial  orust  : 

hoiuMth  tho  oi'ntinontal  surtaoi‘S  (lU*  in  iliroot  oi>ntaol  with  tho  air  lhi“r<*  is  approx  i m.i  l o 1 y 
•'♦.8  X 10^'  km^  t'l  watt'r,  in  saturalod  lavi*rs,  or  in  non-sal  urat  od  riu'ks. 


It  tho  oount  is  limitod  to  I km  in  dopth,  tho  (juantity  of  soil  walor  is  i-slimaloil  at 
a.l  X 10*'  km^ 


3.2.  On  tho  oonlinonls,  llu*  quantity  ot  waii-r  por  tmi  t ol  surfaoo  is  likowi/.o  unovonlv  distrihulod. 
Tho  ti'llowiny,  roprosonl  llu-  main  oonoont  r.i t i i»ns  : 

- j.  1 s in’  kn/ 

- larp.o  Si'tlwalor  lakos  (UaTkal,  oio...)  1.2  x lo’  kn/ 


- larp.o  sa  I t -wat  i’ i'  lakt‘S  fCaspian,  i-ti-...3 

- surfai'o  soil  humidilv 

- rivi*rs 

riu‘  lowor  atmos|ilu‘ro  ovmlains  an  oquivalonl 
t roposphi*ro , 


1.2  X 1 0 ’ km ' 
dS  X 10^  km* 

1.2  X I 0 * km  * 

1 i X 10*  km*  ot  liquid  watoi'  in  t lu- 


Tlu*  annual  turn-ovoi'  rato  by  ov.ipor  a l i i*n  .>1  ooi-ans,  pn-o  i p i t a i i on  and  llu-  r«.-turn  t low  li’  I ho 
oooans,  tor  tho  plaiu-t  as  a wholo  is  3.S  x lO'  km ^ poi  annum. 

*.  THr  KLKfTKIC  MOMl'NTS  AND  MOI.KCI'I.AK  I’Ol.AK  1 .'.AB 1 1.  IIY  (il 

Wo  havo  aln-adv  poinlod  «nit  tlial  a knowlody.o  ot  Iho  olootri*-  oharai- 1 or  i s t i os  ot  mati-rial  ho- 
dit-s  n-cjuiroil  holh  a di-volopmont  I't  tho  Ihoorolioal  slmlii-s  ajul  tlu-  oxpor  imontal  i ons . Wo  aro  llu-roii'ii- 
lod  to  >;ivin>;  a rapid  rooap  i t u I a I i<>n  <>f  tho  primo  hasos  ot  tho  phvsi<al  thoi'rv,  hoforo  y,oinp,  on  to  a 
tlisoussi»Mi  ot  mt>ri-  rooont  pro^;ross.  Obviously,  tho  pnqu-rtios  ol  walor  in  all  its  torms  ilopi-nd  lunda- 
montallv  on  tho  slriu'turos  ami  proporlios  of  ist'latod  molooulo. 


. I . Tho  poii-nlial  ol  a charp.o  distribution 

{•‘rom  an  oloolrio  point  »,'f  vii-w,  .i  mi>looulo  is  matio  up  ot  posit  ivo  and  nop,alivo  oharp.os,  dis- 
trihutoiJ  in  tho  vioinitv  ol  tho  oonlro  «if  p.ravilv. 

In  ordor  to  umiorstand  tho  diolootrio  plu-iu^mon.i  .ind  tho  piu'p.ig.it  ion  ot  tho  o.m.  liold  in  mat- 
tor,  it  is  usoful  to  dovoli>p,  in  a sphorioal  harmonic  sorios,  tho  potonli.tl  oroatod  romololv  hv  tho  dis- 
tribution ot  iu»n-sphoriral  ohargos  and  to  roprosont  tho  pot.-niial  ol  thoso  ohary,os  hv  tho  first  torms 
ol  tho  dovelopmont. 


I.i*t  tis,  thoroti'ro,  otuisiilor  an  atom  i>r  a moloouli’  mado  up  *>1  .i  tow  ohar>tos  taking  up  a small 
volume  anti  lot  us  tako  tho  coord  i n.i  I os  ol  contro  »it  j;ravitv  i>f  tho  molocuh-  as  tho  i»ri^in. 


Tho  potent  iol  V at  tho  p»Mnt  M (X,  Y.  7.)  cr«-atod  by  tho  oharp.os  o 


locatt-d  al  points  x 
(ID 


I * 


I ’ I * I ’ 2 * 

I V 


c.  , V.  , 7. . - - - i s eivon  hv  tho  equation  : 
111 


V - 7-- 

4n  f 


♦ (Y  - V. ) ♦ (X  - 


I 

'-]  ■■ 


We  then  have  (12)  p = (X  + Y + 7 ) 

The  development  of  V as  a function  of  the  powers  of  can  be  written  : 


^ ^ 4 
^ 2 1 * 


each  coefficient 
(X.  \\  7.)  . 


k^  only  depends  on  the  structure  of  cliar^e  distribution  and  co^.rdinatt 


4.1.1.  The  monopolar  moment 


Tlii  s moment  only  exists  with  ionised  molecules.  For  a system  which  is  neuter  .js  a whole, 
such  as  a neutral  molecule,  it  disappears.  On  the  contrary,  for  ions,  as  a first  approximat ion,  tin- 
potential  comes  down  to  that  due  to  the  j’lobal  charge.  It  is  the  basis  of  the  theory  for  strong  eK 
trolytes  given  by  Debye-lluckel . U is  all  the  more  justified  in  that  the  term  kj  is  nil  for  simple 
ions  and  complex  symmetrical  ions  and  that,  moreover,  the  term  k^  is  nil  for  simple  ions  with  satu- 
rated or  pseudo-saturated  layers,  such  as  : 


Na  , CH 


4.1.2.  The  dipolar  moment 


X V ^ Z r 

- — ) e.x.  +— > e.v.  +— ) e .z. 
I pV  11  pV  I'l  p.  11 


k^  is  only  different  from  zero  if  one,  at  least,  of  the  three  terms  differs  from  zero, 
i.e.,  if  the  barveentre  of  the  positive  charges  does  not  coincide  with  that  t’f  the  negative  charges 
even  as  an  aY<-'tage  in  time.  In  this  case,  the  molecule  is  said  to  be  It  pt>ssesses  an  elec- 

tric moment  u,  the  composent  vector  : 


b = y e . x . U = y e . V . U = y e . z . 
X ^11  V ^ri  z ''ll 


The  molt'cule  is  equivalent  to  a dipole  formed  by  the  negative  charge  - e at  the  origin  of 
the  coordinates,  and  the  positive  charge  + e at  the  point  with  coordinates 


Since  the  charge  e is  large  enough  for  x,  v and  z to  he  verv  small,  the  potential  of  this 


dipole  is  : 


■»  ^’*'y 


An  is(Uated  atom  does  not  have  a dipolar  moment,  since  the  electn'ii  cKnul  is  svmmetrical 
with  respect  ti>  the  nucleus.  In  Hki*  manner,  a molecule  with  .i  centn*  of  symmetrv,  such  as  CH,  , is 
not  pol.ir.  On  the  contrary  folded  ami  pyramid.il  moUnules  are  polar.  H,0  is  a folded  mt-'li'cule,  and 
therefiire  is  polar. 


4.1.1.  The  quadrupolar  moment 


T'  ~>  \ 'i"  r 2 1 Z r 2 

n \ - 1)  I o.xT  - i (3  ^ - I)  5;  e.y.  1 ) [ ...z. 


. y ^ ^ ^ cv...  . CV..X, 

2 1 K I 2 I I 1 2 '•  1 1 1 

P P P 

This  term  may  be  discussed  by  taking  the  following  quadric  surf.ici  equation  into  account 

(18)  P I ...x^  * n'  I .'jV^  * r \ * 2 K n)  o.x.V;  ♦ 2 • y . iV-x. 


2 ’ y e . z . X . » 1 
'•  111 


I-H 


Witli  respect  to  the  molecule,  this  quadric  has  a well  defined  orientation,  and  is  indepen- 
dent of  the  reference  system.  Instead  of  taking  random  coordinates,  let  us  choose  the  trihedral 
i>x'y'z’  aligned  wj^th  the  main  axes  of  the  quadric,  in  which  the  rectangular  terms  are  self-cancelling 


.md  the  term  in  p ^ of  the  potentiel  V then  becomes  : 


(1^^) 


1 


2 0 


(3^-1)  y e.xp  + (3  ^ - 1)  e.y!^  ♦ (3  ^ - I)  I e.z!^ 

I ‘ II  I ^11  2 ‘-11 

P P P 


If  t he 


quadric  is  a sphere  (20)  ; V e.xl^  = ^ *^'i^i" 

Under  these  conditions,  the  potential  cancels  itself,  since  one  can  factorise 

.2  .2  .2 

(21)  O 3)  = 0 


Thus,  without  changing  the  potential  one  can  add  orsjbtract  a lixe  quantity  from  each  ma- 


gnitude y e.xl“  , y e.y!  , y e.z!‘ 
^ i i ^ i i i 1 


Let  us  suppose  that  (22)  T **  I ^ ^ i ^ 1 hence  the  potential  only  de- 

pends on  the  twi>  magnitudes 


(21) 


Q , » ' e . X ! - y e . V ! ' 

I 11  i i 


(24)  g,  = 

The  potential  m.iy  he  attributed  t--  .*  quadripiUe,  i.e.,  to  a system 


■2e 


? e ii 

2 e b 


2 e d • 


T 2 e d* 


i)uadrupo  I e examp  I es 
e with  coordinates  * 


,0,0  and  2 negative  charges  - e 


containing  ;pt>sitive  charges 

with  ct>ord  i n.ites  0,  ^^*  * / tnust  be  large  enough  so  that  the  para  1 1 e 1 ogram  thus  formed 

has  very  small  sides). 


In  practice,  the  qu.idr  ic  is  very  often  a revolution.  We  can,  therefore  define  the  effec- 


tive quadrupolar  m4»ment  Q «arried  bv  flu-  axis  of  revolution.  If  0 > 0 the  quadrup  le  is2made  up  of 
a - 2 e charge  surrounded  by  two  positive  charges  ♦ e at  the  distance  d : (2b)  « 2ed  . If  Q < 0, 


the  sign  of  the  charges  will  he  ch.inged.  An  atom  (or  an  ion)  in  which  nil  the  electron  layers  are 
saturated  or  pseudosaturated  does  not  have  .in  effective  qu.idrupolar  moment. 


A complex  non-p»'l.ir  molecule,  (t>r  an  atom)  with  unfilled  electron  layers,  is  equivalent 
to  a quadrupole.  F«ir  a polar  m«>lecule  such  as  the  water  molecule,  it  may  he  necessary  to  take  the 
nuadrupole  .md  dipole  conditions  into  considerat ion. 


Tlie  p term  ot  the  devi-lopment  of  V could  load  to  a definition  of  an  octopolc. 


1 


1 


4.2.  Polarizability  of  molecules 


Let  us  consider  a molecule  under  the  effect  of  a local  electric  field  ¥.  , mhich  modifies 
the  relative  positions  of  the  nuclei  and  the  movement  of  the  electrons  ; a result  is  the  creation 
of  a dipolar  moment  U which  comes  in  addition  to  the  permanent  moment  p i if  the  molecule  is  polar. 
In  this  case  we  say  the  molecule  is  polarized.  ^ 

^ If  we  consider  the  harmonic  condition  of  the  macroscopic  field  V.  and  of  the  local  field 

at  a high  frequency  in  the  visible  spectrum  or  near  ultra-violet,  the  molecule  is  not  deformed 
and  only  "electron  polarizability"  has  an  effect^  We  can  define  an  ellipsoid  for  electron  polari- 

zabilitv  and  a mean  polarizability  a such  that  p * a E . 

e e e m 

In  like  manner,  we  can  define  an  ellipsoid  for  atomic  polarizability  when  the  frequency  is 
low  enough  for  it  to  be  necessary  to  tak^  the  deformation  of  the  molecule  into  account  and  to  define, 

moreover,  a polarizability  a such  that  u * ot  E 
'a  a a m 

4.1.  Polar izat ion 

Let  us  suppose  we  have  a static  and  uniform  macroscopic  electric  field  K,  in  which  case 
the  induced  polarization  in  the  sample  of  dielectric  material,  from  equations  (6)  and  (8),  is 


(2b)  P = (c^  - 1)  K 

The  vector  P represents  the  sum  of  the  dipolar  moments  per  unit  volume,  wliether  Lhev  be 
due  to  the  orientation  of  the  permanent  dipoles  associated  with  electron  movement  or  due  to  mole- 
cular deformation 


(27)  P = P + P + P 

p .1  e 

P corresponds  to  the  orientation  of  the  permanent  dipoles  and  which  is  disturbed  by 
thermal  agitation.  P and  P^  like  a and  a correspond  to  atomic  and  electronic  polarizations 
and  are  due  Co  intramolecular  phenomena  which  are  temperature  - independent. 

In  the  same  way,  we  can  write  an  expression  for  the  mean  dipolar  moment  Uj.  as 

(28)  U,  = Up  . 


If,  lastly,  there  are  — molecules  per  unit  volume,  where  is  Avogadro’s  number  and  V 
the  molar  volume,  we  have  : 


(29) 


P 

P 


F. 

m 


Leturning  now  to  permanent  dipoles,  we  note  that  their  orientation  decreases  the  thermo- 
dynamic degree  of  disorder.  The  potential  energy  of  an  elementary  dipole,  rotated  through  an  angle 
i s : 


(10)  U = - li  . F . c o s 6 

p m 

The  st.itistical  equilibrium  is  governed  in  such  a way  chat  the  molecules  distribute  them- 
selves among  the  various  energy  levels  U,  propo rt ionatel y to  exp(  - l7kT),  where  k is  Boltzmann's 
constant  and  T the  absolute  temperature. 

We  may  write  : 

- rtr  U L 

on  f = 1 ♦ cos  P (T  ' 300  ’k) 


U'liere  there  is  nt)  field,  nt'n*'  of  the  direilions  is  privileged  and  the  number  f*f  miilecules 
whose  moment  has  an  angle  lying  between  0 .ind  0 + dO  with  respect  to  a reference  direction  and  is  pro- 
portionate to  the  solid  angle  2 sin  0 . Each  of  the  molecules  contributes  u cos  0 to  the  dipolar 

moment  and,  thus,  we  find  ; ^ 


02) 


1 f’’Pi  % nl  n 

2 \ P L J 


sin  0 c)0 


Whence,  by  integration,  we  have 

(O) 


N K 
jj\  p m 


p 3V  kT 


Which  t'ormula,  with  (29)  gives 

•> 

* 

04)  H (.1  ♦ O ) E 

V 3k  I m 

TllK  WATKR  MOl.KCm.K  (i) 

III  order  to  explain  the  known  properties  of  water  molecules,  we  are  led  to  a presupposition 
regarding  this  molecule's  structure.  Basically,  it  comprises  one  oxygen  atom  and  two  of  hydrogen.  It 
still  remains  to  detail  the  relative  positions  of  the  charges  and  masses  which  agree  with  the  experi- 
mental data  relating  to  the  permanent  electric  moment,  to  the  mechanical  inertial  moment  revealed  by 
infra-red  absorption  and  by  the  Raman  effect,  and  to  anisotropy  revealed  by  polarization  of  diffused 
light,  etc . . . 

rnfortunatcly,  at  the  present  state  of  our  knowledge,  several  moleiular  conf i gurai i ons  do, 
in  fact,  cv'mply  with  the  corpus  of  data  available.  However,  all  such  conf igurat ions  allow  for  a fol- 
ded HOH  model  which  is  strongly  polar. 


Water  molecule  model  proposed  bv  Topic  (2] 


5.1.  The  electrical  properties  of  free  water  molecules 

The  permanent  electric  moment  of  the  water  molecule  h,,0  has  been  deduced  from  variations 
in  electric  permittivity  for  water  vapour  as  a function  of  temperature,  and  from  other  experiments. 


The  most  probable  value  is  : 

(35)  M = 1,83  D = 1,83  x lo"'®  ues  cm. 

• “30 

The  symbol  D stands  for  a debye.  The  value  of  a debye  is  3.333  x 10  C.m..  The  vector 

is  carried  by  the  bissector  of  the  angle  H-O-H.  Its  alignment  goes  from  the  negative  o»ygen  atom 
to  the  positive  region  between  the  hydrogen  atoms.  The  length  of  the  OH  bonds  is  0.96  X and  the  va- 
lue of  the  HOH  bond  angle  is  101* The  relative  values  of  the  free  molecule  are  not  found  in  the 
liquid  state.  But  one  is,  however,  in  a position  to  tentatively  represent  the  permanent  dipole  by 
a wave  function. 


The  quadrupolar  moment  Q is  known  by  experimentation.  Its  value  is  : 


can  be 


(36) 


Q = (-  5,6  ± 1,0)  X 10 


•26 


The  individual  values  Q Q and  Q are  not 
XX  yy  zz 

calculated  from  the  wave  functions. 


2 

ues  cm 

presently  knounbv  experimentation  but 


they 


The  computed  values  for  individual  values  of  moment  are  : 

Q = - 6,6  X 0 ■=  - 5,2  X lO'^®  Q = - 5,7  x ues  cm^ 

XX  yy  zz 

These  values  relate  to  a molecule  with  its  centre  of  gravity  at  the  origin  of  the  coor- 
dinates. The  signs  - indicate  that  the  electron  contributions  to  this  moment  are  greater  tiun  nu- 
clear counterpart  contributions.  The  approximate  equality  of  the  individual  moment  '.alues  shows 
that  the  charge  distribution  is  quasi-spherical . 


The  molecular  polarizability  a is  kno\*m  experimentally  and  its  mean  value  is  : 


(37) 


a = 4 

3 XX 


a ) 

zz 


1 ,44  X 10 
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The  tensor  components  are  not  known  but  it  would  seem  that  the  anisotroPy  of  the  polari- 
zability is  small. 

Another  electric  constant  of  molecules  that  would  warrant  study  and  measurement  is  va- 
riation of  the  dipolar  moment  in  the  course  of  molecular  vibration. 

5.2.  Water  molecule  configurations  {Frank,  H.S.)  (4] 

The  molecule  in  the  vapour  state  can  be  taken  to  be  free  in  the  ire  state,  at  low  pressu- 
res, (forms  1^  and  I ) each  molecule  is  surrounded  by  4 neighbouring  molecules,  arranged  at  the 
apexes  of  a regular  Tetrahedron,  each  2.75  A distant  approximately  and  there  are  12  second  order 
molecules , each  at  4.5  A distance.  At  pressures  (forms  11  to  VI)  the  conf  iguration 

is  somewhat  deformed  ; the  close  neighbours  are  located  from  2^75  to  2.9  A from  the  reference  mo- 
lecule and  the  second  order  molecules  are  never  less  than  3.5  A distant.  In  the  densest  form  (VII) 
the  configuration  is  that  of  a centre  cube  ; the  distance  from  the  reference  centre  to  an  apex  is 
2.95  A. 


The  interpretation  of  these  discoveries,  in  terms  of  the  hydrogen  bond,  is  amply  confir- 
med by  neutron  diffraction  studies,  by  the  infra-red  Raman  spectrum  and  by  the  acoustic  and  elec- 
tric properties  and  residual  entropy  for  the  disorganized  phases. 

The  importance  of  the  hydrogen  bonds  linking  each  molecule  to  its  neighbours  has  recently 
been  confirmed  by  quantum  mechanics  computations  and  is  brought  out  clearly  ; the  bond  angle  bet- 
ween the  protons  is  never  greatly  different  from  109". 

Thus,  water  may  be  represented  by  an  oxygen  atom  at  the  centre  of  a regular  tetrahedron, 
with  a hydrogen  nucleus  (proton,  deuterion  or  trition)  at  two  apexes  and  two  pairs  of  electrons 
in  orbits  oriented  towards  the  other  two  apexes. 

Considering  the  variety  of  configurations  observed  in  the  solid  states,  we  can  suppose 
that  in  the  liquid  state  a much  greater  number  of  disorganized  structures  can  assemble  the  mole- 
cules in  tetrahedral  conf igura t ions  with  somewhat  greater  degree  of  deformation.  This  does  not 
imply  that  there  is  a significant  abundance  of  agrogates  that  are  sufficiently  large  and  regular 
as  to  be  identifiable.  On  the  contrary,  it  would  seem  reasonable  to  think  of  there  being  a great 
number  of  irregular  configurations  which  are  compatible  with  the  latent  heat  of  fusion. 


■C  + 


I i: 


Fig.  2 : Geometric  arrangement  proposed  for 

nuclei  and  electron  charge  distribution 
in  a water  molecule  (4) 


5.3.  Isotopes  (2) 

Strictly  speakinc,  water  is  a mixture  of  isotopic  combinations  '>1,  and  '*^0,  '^0,  *®0 

in  the  molecular,  ionic  h and  ionic  OH  forms. 

In  natural  water,  the  proportions  are  as  follows  : 


•■>  17  to 

‘H  _ 1 01  0 I 

l„  69  000  ’ 18_  “ 5 16^,  “ 500 

rt  U 0 


These  proportions  remain  the  same  everv'where 
^ ^ i_ 

Ijj  10'^  Tritium  appears  in  rain  and  snow 

(The  half-life  is  12.5  years) 

6.  THK  Cl.Al'SIUS  MOSSOTTl  formula  (5} 

In  order  to  follow  through  the  theoretical  computation  on  the  permittivitv  in  the  results 
of  § . 3 . , it  still  remains  tv’  find  an  equation  to  define  the  liical  field  E acting  on  the  molecule 
from  the  applied  field  E,  taking  the  other  molecules,  in  the  vicinitv  of  the  molecule  under  conside- 
ration, into  account. 

6.1.  The  static  condition 

Starting  from  a very  simple  model  (a  spherical  cavity,  on  the  inner  wall  of  which  the  charges 
appear,  is  centred  on  the  molecule  under  consideration)  Mossotti  and  Lorentz  elaborated  the  expression 


(38) 


F.  ♦ 


3 t 


By  cl  min.iLing  from  (2bf . (34)  .md  (38),  wc  find  ; 

2 


(39) 


f-  - 1 

r 

e ♦ 2 


l_ 

V 3 t. 


fx  ♦ — P— 
3kT 


formula 


In  the  absence  of  permanent  dipolar  moments,  this  formula  comes  down  to  the  Clausius  Mossotti 


(40) 


6.2.  The  harmonic  condition  and  the  Debye  equation 

li  we  use  a variable  field  F,  i.e.,  a standing  electromagnet ic  wave,  the  electric  permittivi- 


ty, given  by  Maxwell’s  equation  C 


(where  n is  the  refractive  index)  depends  on  frequency.  Ulu’n 


the  latter  reaches  10^  Hz,  approximately,  f decreases  strongly  for  substances  with  polar  molecules, 
since  the  dipoles  do  not  have  the  time  to  orient  themselves  in  the  field,  f varies  very  rapidly  in 
those  absorption  bands  where  the  i nt ra-molecul ar  vibrations  reach  a large  amplitude,  since  they  enter 
resonance  with  the  e.m.  wave.  The  absorption  bands  in  the  infra-red  correspond  to  miclei  vibrating  and, 
in  the  ultra-violet,  to  electrons  vibrating. 


r 


T 


M3 


At  sufficiently  low  frequencies,  i.e.,  lower  than  10  Hz  in  the  case  of  water,  the  pola- 
rizability can  be  taken  to  be  instantaneous  whereas  the  dipolar  orientation,  which  largely  contributes 
to  polarization,  cannot. 

Let  us  suppose,  that  at  time  t » 0,  the  electric  field  E is  sharply  cancelled.  Any  one  of 
the  dipoles  will  move  to  take  up  a new  position.  Debye  supposed  that  the  angle  of  rotation  3 decreased 
from  6 to  zero  in  compliance  with  an  exponential  law,  while  the  polarization  P follows  the  same  time- 
dependent  law.  ^ 


(Al) 


£ 

P (t)  = P (0)  e ^ 
P P 


where  T is  a relaxation  time 

in  the  harmonic  condition,  equation  (39)  becomes  : 


(42) 


e ♦ 2 V . 3 e 
r o 


3kT  I + jo)T 


Permittivity  is  therefore  a complex  function,  with  an  imaginary  part  to  account  for  the  bra- 
king effect  due  to  viscosity  friction  and  corresponds  to  real  conductivity. 

We  can  write  : 


(43)  “ e’  - je" 


The  real  part  c'  derives  partly  from  polarizability  on  one  hand  and  partly  from  dipolar  orien- 
tation on  the  other  hand. 

o" 

We  may  write  (44)  : e*'  2 ^ ^ 

o 

The  total  conductivity  of  the  medium  is  the  sum  of  the  ionic  conductivity  o’  due  to  monopole 
movement,  should  there  be  any,  and  dipolar  conductivity. 


(45)  0 = o'  + o" 

To  sum  up,  the  specific  characteristics  of  macroscopic  polarization  obtained  in  this  way 
are  the  following  : 

i)  For  a given  field  E,  P is  much  greater  for  polar  bodies  than  for  non-polar  bodies. 

ii)  Polarization  depends  notably  on  temperature.  It  increases  as  temperature  is  decreased  since 
the  thermal  agitation  decreases. 

iii)  The  dielectric  losses  are  much  greater  in  polar  bodies.  During  their  oscillation,  the  elemen- 
tary moments  dissipate  the  energy  they  receive  from  the  field  by  way  of  heat  by  shock. 

6.3.  From  (42)  we  write  : 

^r  * ^ V 

(46)  - U ^ 

+ 2 T (1  + jtiJT) 

N 

with  (47)  ^ 3 ^ 


j 


and  (48) 


If  the  molecule  is  spherical,  with  radius  a and  turns  in  a fluid  with  viscosity  n,  from 
Stoke' s law  leads  to  the  expression 


(49) 


C 0,4  n a^n 

IkT  " kT 


(n  is  measured  in  poise  and  a in  meters) 


1 


T 
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At  very  low  frequencies  (u  - 0) , € tends  to  a real  number  : the  value  for  static  per- 
mittivity. ' ^ 

At  very  high  frequencies  (u  -►  ») , also  tends  to  a real  number  : the  optical  permitti- 
vity, which  is  the  square  of  the  refractive  index,  when  Che  orientation  of  the  permanent  dipoles  no 
longer  contributes  to  the  polarization  and  when  the  polarizability  still  remains. 


(50) 


U 


V 
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(51) 


E + 2 


= U 


It  becomes  (Debye's  equations) 

( e.  = e . 


(52) 


1 + X 


(E  - E ) X 
b ■» 


(53) 


e = e + 


1 + jx 


with  (34) 


X 


U)T 


For  X * 1,  we  have  (55) 


e ' 


e 


00 


e"  is  maximum  ; (5h) 


This  situation  is  called  the  "point  of  transition". 

fc  * 2 

The  transition  wavelength  is  (57)  * = Zt-ct  - — — , where  c is  the  speed  of  light  in  a 

vacuum.  ^ ^ 


One  can  also  write  : 


(58) 


(59) 


c*  = e + 


1 * (y^)' 


r 


1 + (i^)^ 


^4  is  clear  that  from  the  formula  (52),  (53)  and  (54)  one  can  compute  the  quantities  e'  and 
e at  any  frequency  provided  one  knows  E^  , E^  and  T or  the  transition  angular  frequency. 

We  shall  apply  these  formula  to  water.  U is  first  of  all  necessary  to  examine  the  effect 
of  the  ions  and  to  know  the  ionic  conductivity  o'  since  the  total  conductivitv  is  given  hv  (45)  and 
(46), 

7.  THE  IONIC  COtPOSITION  OF  SF.A-WATF.R  (h) 

As  we  mentioned  earlier,  the  ionic  conductivity  of  sea-waters  is  part  of  the  physical  and 
physico-chemical  properties  that  set  it  apart  from  soft  water. 

These  properties  are  attributable  to  approximately  11  chemical  ccimponents  which  represent 
more  than  99,9  7.  of  the  mattiy  dissolved  in  the  water  and  which  are  found  to  almost  the  same  degree  of 
concentration  at  all  points  in  the  ocean,  whatever  the  locality,  the  temperature  and  the  pressure,  as  long 
as  one  is  suffciently  distant  from  river  estuaries,  submarine  sources  and  floating  ice-masses. 


1 


1-15 


This  matter  is  composed  : (cf.  table  I) 

Of  the  anions  C2,  , SO,  , HCO_  , Br  and  F 

‘4  3 

Of  the  cations  fJa  , Mg*  , Ca  , k and  Sr 

and  non  dissociated  H^BO^ 

The  dissociation  of  the  salts  in  almost  complete  and,  therefore, sea-water  is  a "strong  elec- 
trolyte" like  aqueous  acid  solutions  or  strong  basic  solutions.  (There  are,  however,  ionic  associations 
in  polyvalency) . 

On  the  basis  of  this  ionic  composition,  it  is  not  possible  to  say  what  the  composition  of  the 
mixture  of  salts  effectively  dissolved  is.  However,  if  sea-water  is  dehydrated,  we  find  a mixture  of 
salts,  the  two  main  ones  being  : sodium  chloride  Na  CZ  and  magnesium  chloride  Mg  Ci^, 

The  total  concentration  of  the  salts  is  termed  the  "salinity".  This  is  defined  as  being  the 
weight,  in  grammes  of  inorganic  matter  dissolved  in  sea-water  (after  all  the  bromides  and  iodides  have 
been  replaced  by  an  equivalent  addition  of  chlorides  and  that  the  carbonates  have  been  converted  to 
oxides).  The  "total  chloride  concentration  or  chlorinity"  can  be  defined  and  can  be  used  to  serve  to 
characterise  a typical  composition. 


Tableau  I 

Composition  of  sea-water.  Concentration  of  constituents  in 
sea-water  having  a salinity  of  J9  o/oo 
(from  A.  Richards) 


Chloride,  CZ 

s/kg 

18.890 

(g/unit  o 
chlori] 
0,99894 

Sodium,  Na* 

10.560 

0.5556 

Magnesium,  Mg 

1.273 

0.06695 

Sulfate,  SO, 

2.649 

0.1394 

Calcium,  Ca** 

0.4104 

0.021  06 

♦ 

Potassium,  K 

0.380 

0.02000 

Carbon  (as  or  CO^  ) 

28.1  O'^ 

0.00735 

Bromide,  Br 

65.9  X 1 O'^ 

0.00340 

Strontium,  Sr 

8.1  X lo' ^ 

0.0004 

Boron,  as  H ^0  ^ 

4.6  X 1 O"^ 

0.001  37 

Silicon,  as  silicate 

0.01-4.5  X lO" ^ 

Fluoride,  F 

1.4  X lO'^ 

0.00007 

Nitrogen,  as  NO^- 

0 -Jl-0.80  X 1 O'^ 

4 3 

Aluminium,  AZ 

0.5  X 1 O"^ 

Rubidium,  Rb 

0.2  X lO'^ 

Lithium,  Li* 

0.1  X lO'^ 

Phosphorus,  as  PO^  ^ 

0.001-0.1  X lO"^ 

Trace  Klements  present  in  concentrations  of  1 to  50  Ug/kg  : barium,  iodine,  arsenic,  iron, 
manganese,  copper,  zinc,  lead,  selenium,  caesium,  uranium. 

Trace  elements  present  in  concentrations  of  less  than  1 p/kg  : molybdenum,  thorium,  cerium, 
silver,  vanadium,  lanthanum,  yttrium,  nickel,  scandium,  conalt,  cadmium,  mercury,  gold,  tin,  chromium, 
radium. 


Salinity  is  a variable  cliaracteristic  of  a certain  type  of  water.  In  the  open  ocean  stret- 
ches, the  values  lie  between  32  and  37  o/oo.  In  the  Red  Sea  and  the  Persian  Gulf,  where  the  evap(.*rat  ion 
rate  is  very  high,  the  values  can  be  in  excess  of  40  o/oo.  The  general  mean  value  is  3S  o/oo.  The  mean 
chloride  concentrat ion  level  is  19  o/oo. 


8.  THK  IONIC  CONDUCTIVITY  OF  SOFT-WATKR  AND  SKA-WATER  (3) 

8.1.  The  principle  of  current  flow  in  the  electrolyte  [b) 

Sea-water  is  an  electrolyte.  Its  structure,  like  all  electrolytes,  is  akin  to  that  of  a plas- 
ma. However,  dissociation  in  an  electrolyte  only  brings  out  the  ions  and  excludes  the  electrons.  These 
ions  are  heavy  and  slow.  The  lightest  of  them,  the  proton  H is  still  18J0  times  more  inert  than  the  elec 
tron.  It  only  has  in  common  with  the  electron  its  single  charge,  but  the  absolute  value  is  the  same,  the 
signs  are  opposite. 

Each  ion  of  the  same  type  presents  a mass  m and  carries  a charge  q,  which  is  a positive  or  ne 
gative  integer  multiple  of  the  electron's  single  - e charge  : 


(bO)  q = z e 

z is  called  the  "electrovalency" 


The  faraday  is  the  electric  charge  carried  by  one  mole  of  monovalent  ions,  such 
Ci  , for  example. 


or 


(bl)  F = N,e  = (9b  491,2  * 1,1)  C/moIe 

A 

(The  mole  is  the  quantity  t>f  a body  which  contains  N element. iry  entities,  i.t.,  as  manv  entities  as 
tlu  re  atoms  in  (>.012  kg  of  carbon  I 2.).  ' 

If  the  ii'ii  is  hi-,  tri-  or  z-valent,  the  charge  transpi'rted  by  a mole  ot  ions  is  r.  F. 

The  solutii>n  being  e lec  t r i i-a  1 1 y neutral,  tl»e  sum  of  the  concent  rat  ion  levels  of  the  positive 
ions  is  equal  to  the  sum  of  the  concent  rat  ions  of  the  negative  ions. 

The  'Molarity"  ot  ion  !i  is  a term  used  ti'  dt'si'Uiate  the  (|uiilii'nt  c^^  v>f  tlu-  number  of  nu'les 
I't  this  ion  and  the  volume  of  the  mixture.  Per  unit  ol  vohimi*,  there  are  therefore  N c ions  of  type  B 

which  carrv  the  charge  N,c,,z„e.  ^ 

A B B 

For  a generally  m-utral  mixture,  ^ being  extended  to  all  types  of  ions). 

The  ions,  which  have  about  the  same  size  as  water  molecules,  partici}<*'*  in  d i sorg.iii  i zed 
thermal  agitation,  the  l.uier  giving  rise  to  tio  curn-nt  on  the  macr.'scopic  scale.  But,  if  then-  is  a 
stat i St ica I 1 V organized  movement  ot  the  charges  in  the  electrolyte  there  can  be  a current,  tlu  value 
of  which  is: 


(b2) 


J = N. 


“ B B B 


In  the  presenci*  of  the  electric  tielil  F which  Penetrates  the  eleetrolvti,  we  ean  suppose 
that  each  ion  undergoes  the  torci*  . K.  (It  is  not  ne  *essarv  to  have  the  polarization  and  the  eff*.*.'- 
tive  field  intervene,  since  the  relations  betu\-en  these  vecli'rs  are  linear).  Moreover,  each  ion  under- 
goes a viscous  force  or  a friction.il  force  mZV,  where  7.  has  the  dimensi.Mis  of  a frequency  and  can  be 
termed  the  collision  frequency  of  the  ion. 


Moreover,  the  coefficient  of  friction  mZ  is  given  bv  Stokes'law 


(b3) 


mZ  = b*’»'ia 


where  n designates  the  coefficient  I'f  friction  ot  water  and  .!  the  railius  of  the  ii'n. 

In  the  final  analysis,  the  equ.itioti  of  forces  ipplietl  to  ion  H is  (by  canct'lling  the  iji- 
dex  B from  the  notations)  : 


(b4) 


d \’ 


mZV  * qF 


In  the  continuous  condition  we  can  suppose  th.it 


(b3) 


V = J K 
mZ 


Tlu’  qu.inlitv  u * is  r.illed  the  "m«philitv"  of  the  ion. 
mZ 

F.*r  this  ion,  we  theretiire  have  : 


(bb) 


d ’ N^^e  e 1 z u I- 


or  again  : (b7) 


.1  « F 


where  •'  is  the  "speeifi,  cmulu.- 1 i v i t v"  due  te  the  proseneo  oi  the  ion  B. 
Tfiis  equ.it  ion  contains  i>hm's  Law. 


f-i 


The  "equivalent  concentration"  C is  the  product  of  the  molarity  c and  the  absolute  value 
.'f  the  electrovalencv  z 


(h8) 


C = c z 


R'r  a dissolved  salt,  the  concentration  C is  the  product  of  (the  number  of  moles  per  unit 
volume)  and  (the  sura  of  the  broken  valency  bonds).  Thus,  for  Na  Cli 


Hence  (69) 


C = c . I 


o'  ® N e C u 
A 


The  "molar  conductivity"  A , can  be  defined  by 


(70) 


A = — = N e 1 z lu 
me  A ‘ ‘ 


and  the  "equivalent  conductivity"  A by  : 

(71) 

For  a mixture  of  ions  of  a dissolved  salt,  we  naturally  have 


A 

A = TT-  = N e u 
C A 


(72)  A = \ u 

Prom  (71)  we  deduce  that  for  each  salt,  A should  only  be  dependent  on  temperature  and  not  on 
concentrat ion.  Thus,  for  a given  fixed  temperature,  0 would  be  proportionate  to  C. 

8,2.  Measurement  procedures  and  experimental  results  : 

To  measure  the  conductivity  of  any  liquid  electrolvte  whatsoever,  we  can  use  a vase,  as 
represented  in  Fig.  3,  with  a cylindical  section  of  cross-section  s,  where  the  electric  field  can  be 
taken  to  be  uniform  and  parallel  to  the  cylinder  generators. 

The  quantity  of  electricity  which  flows  across  unit  surface  MM  ' per  second  is  : 

(7  3)  i = i = o'  E 

We  can  then  implement  the  same  measurement  methods  as  for  ordinary  conductors.  In  order  to 
avoid  the  electrodes  being  polarized,  the  measurements  via  the  wheatstone  bridge  are  made  with  alterna- 
ting current.  The  electrolyte  tube  can  be  calibrated  by  measuring  its  resistance  when  filled  with  a 
liquid  of  known  conductivity. 

Experimentally,  we  note  that  the  conductivity  of  the  electrolytes  increases  with  temperature. 
The  relative  variation  is  quite  appreciable  and  is  of  the  order  of  1/40  per  degree  Celsius.  This  re- 
lative increase  is  close  to  1/rt  and  is  related  to  the  relative  decrease  in  the  coefficient  of  internal 
friction  for  water  (6  3). 

We  also  note  that  the  equivalent  conductivity  A decreases  when  the  concentration  C increases 
and  insofar  as  C does  not  greatlv  exceed  10,  the  variation  for  strong  electrolytes  obevs  KOHLRAUSCH 
(1  900)  : 


(74) 


A = A - b 

o 


The  two  constants  of  this  experimental  law  are  specific  for  each  salt.  A is  a limit  conduc- 
tivity which  characterist i s®*  an  infinitely  low  value  concentration. 

Table  II  below  sets  out  some  of  the  numerical  values  in  mho/m  for  equivalent  conductivites 
multiplied  by  Ui  for  two  aqueous  solutions  at  18®C,  taken  from  H.  lAEKENHX'EN 

Tableau  II 


i c 

« 1 o"' 

10-’ 

5 .0-’ 

1 

- 

5 

1 0 

50 

J 

1 00 

500 

1 000 

Na  Cl 

1 0.899 

1 0.810 

10.718 

1 0.649 

I 0.  378 

1 0,1  95 

9.571 

9.202 

8.094 

7,4  35 

Mr 

1 

1 1 . 088 

1 0 , 94  3 

I 0.768 
1 

1 0.6  35 

-1 

1 0.1  30 

9.81  4 

8.898 

8.  392 

6.987 

h.195  j 

The  conductivity  o*  * AC  is  then  seen  to  he  only  very  roughly  proper t i onat e to  the  concentra- 
tion value.  We  may  note  that  for  sea-water  the  overall  equivalent  concent  rat i on  is  close  on  600. 
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8.3.  The  ionic  concent  rat  ion  of  pure  water 

Even  when  it  is  absolutely  pure,  double-distilled  and  degassed,  water  do^‘S  still^have  a re- 
sidual conductivity,  which  thus  points  to  a very  low  degree  of  d issoc iat ion . The  H and  OH  ion  con- 
centration levels  are  such  that  we  have  at  18®C  ami  per  : 


(75) 


c:^  = = 0,77  10 


Since  the  pH  value  is  defined  by  the  equation  pH  = - (‘’Kj  q C^/IOOU,  the  pH  value  of  {)ure 

water  at  18®C  is  approx.  7.1.  ( K’r  sea-water,  the  pH  value  varies  fri>m  8.0  to  8.2  at  the  surface  and 
diminishes  to  7.7  in  deeper  waters,  this  indicating  a slight  degree  of  alkalinity). 


pH 

v.i  1 ue 

of  7.1 

1 we  have 

o’  = i 8 X 1 o'*' 

mbo/m 

pH 

value 

of  8, 

we  have 

o’  = 1.1  X lO'^ 

mho/m 

l-Vesh-water  in  lakes  and  rivers  is  not  pure  and  has  a conductivity  of  (I  to  5)  x 10 
mho/meter.  It  is,  however,  a poor  conductor. 

8.4.  The  ionic  conductivity  of  sea-water 

The  value  found  is  the  addition  of  that  for  pure  water  plus  that  for  the  dissolved  salts, 
the  latter  being  by  far  the  major  component. 

The  problem  is  in  principle  solved  by  application  of  formula  (bh).  Hut,  one  needs  to  iden- 
tify those  mobilities  which  themselves  vary  with  the  concentrat ion  levels.  Naturally,  one  can  compute 
the  sum  of  the  mobilities  (Uj  ans  u^)  of  a pair  of  ions  of  a single  dissolved  salt  by  measuring  the 
equivalent  conductivity  and,  by  other  metliods,  also  the  r.itio  Uj/(u^  + u^).  One  thus  .irrives  at  a va- 
lue for  the  figures  of  mobilities  themselves.  The  values  foun<l  are  small,  and,  for  example,  the  mobi- 
lity iif  the  H*  ion  in  water  at  I8®C  is  33  x I 0 ^ m/s  and  per  \/m.  The  ivuis  therefore  mev'#  very  sh'-wly 
i ndeed . 


t)ne  could  likewise  add  the  various  londuc t i v i t i es  of  each  salt  present  and  presuppose  that 
the  salts  come  in  a certain  composition. 

It  is  of  interest  to  further  detail  the  principle  i*f  current  flow  and  to  explain  the  f.ni 
that  the  equivalent  conductivity  strong  electrolyte  decreases  when  the  concent  r.\t  ion  level 

increases.  From  tlie  theory  of  electrolyte  anomalies  by  Debye  and  Hilckel,  it  is  found  that  the  m»>ve- 
ment  of  a given  ion,  through  the  charged  particles  and  not  of  the  miulium.  is  sl«'Wed  down  hv  tiu*  re- 
verse movement  of  a cloud  of  ions,  of  in^posite  sign,  which  surround  it.  This  special  tvpe  of  resis- 
tance is  called  "el  ec  t ropliores  i s'* . In  addition  to  this  etfect  there  is  seci'nd,  alternating,  one, 
and  which  stems  from  the  delav  of  the  ion  cloiid  which  is  centred  abaft  the  particular  iim  untler  con- 
sideration. 


Thus,  the  conductivity  is  mi»dified.  We  end  up  with  : 


(7b)  = A - (N^q“'</ b’'-)  - (f'q^'.  v/12-ekT) 

O A o J 

a T 
2 Nq  *” 

t'  is  a numerical  factor,  which  depends  on  ‘'*1  salt  Is)  i*oncorned,  and  \ - (—  ) ; k is 

r 

Boltzmann's  constant  and  T the  absolute  temperature. 

The  formula  above  shows  that  tlie  two  correction  terms  are  proport ionate  to  \ and  therefore 
to  this  explaining  Ktdi  I rausch  ’ s experimental  law. 

(74)  ^ » A - b 

i.' 

If  we  now  calculate  the  cc>rrection  terms  tor  st>dium  chloride  at  the  concent  rat  i on  level 

1 « -2  I -d  . . 

(!  * 1 (I  mole  per  m ) at  17  t',  taking  » * l.Od  x 10  and  ~ » 9.bb  x 10  m,  the  lirst  correction 

term  has  the  value  0.155  mho/m  and  the  second,  the  v.ilue  0.078  mho/m.  Wlience,  finally,  a computed 

equivalent  ctindin  t i v i t v of  10. Abb  x I 0 ^ whereas  the  measured  i*quivaIont  condur  t i v i t v is  : 

- 3 . • 

IO.b49  X !0  . The  degree  «>f  ayreemenl  is  therefore  very  good,  given  the  ern^rs  inherent  in  the 

me  istirement  . 

Equation  (75)  is  p»TfV>tlv  valid  up  to  f • 10  and  even  bevond.  as  long  .is  <»ne  adds  correc- 
tion terins  in  log  C an»l  t log  J'. 


T 


In  an  alternating  field,  the  limit  equivalent  conductivity  A and  the  first  correction  term 

' o 

are  not  affected  ; but,  the  second  correction  term  depends  on  the  relaxation  time  and  decreases  as 
frequency  increases  because  the  ion  cloud  has  not  had  the  time  to  reach  its  as\Tnmetric  condition. 
Therefore,  A slightly  increases  with  frequency  and  for  a sufficiently  high  frequency,  only  the  elec- 
trophoresis correction  remains  in  (22). 

At  the  total  equivalent  concentrat ion  of  sea-water  C b20  (moles/m  the  relaxation  time 
for  a salt  of  the  NaCil  type  would,  at  17**C,  be 

(77)  T = 1 .08  X lO  second 

But,  under  such  conditions  of  concentration,  and  for  frequencies  higher  than  1/t,  the  va- 
riation in  ionic  conductivity  is  completely  masked  by  dipolar  conductivity . 

Thus,  to  sum  up,  the  events  take  place  as  if  for  radio  frequencies  the  ionic  conductivity 
of  sea-water  does  not  depend  on  frequency,  but  was  dependent  only  on  the  factors  : concentration,  tem- 
perature. Bearing  this  in  mind,  we  shall  now  return  to  the  experimental  results,  such  as  those  contai- 
ned in  table  II. 

Commonly  the  direct  global  method  is  used  which  generally  replaces  titration  methods  as 
carried  out  on  oceanographic  ships  and  in  laboratories. 


Empirical  relations  for  temperature,  salinity  (total  chloride  content)  and  conductivity 
have  been  put  forward  by  various  authors. 

Weyl  (1964)  combined  these  data  in  the  following  expression  [l]  : 


1 

[ 


I 


I 


(78) 


log  o * = - 0,42373  + 0,892  log  C£  (o/oo) 

- lo'^  T I 88,3  + 0,55  T + 0,0107  i'  - Cl  (o/oo) 


(0,U5  - 0,002  t 


0,0002 


o’  is  the  conductivity  in  mho/m 

’ = 25  - t,  t is  the  Celsius  temperature  in  ®C.  The  equation  is  valid  for  all  degrees  of 
salinity  from  17  to  20  o/oo  (chlorinities)  and  for  temperature  between  0 and  25**C  at  a pressure 
of  1 atmosphere. 

The  values  of  ' found  for  sea-water  are  of  the  order  3 to  5 mho/ra. 

9.  LIQUID  STATE  WATER  IN  lURMONIC  CONDITION  fs) 

9,1.  Experimental  measurement  procedures 

InV  can  point  out  the  importance  and  the  utilization  of  the  planar  condenser  and  the  volt- 
meter in  a Wheatstone  bridge.  It  is  clear  that  these  experimental  devices  can  be  used  in  static 
conditions  and  at  very  low  frequencies.  On  the  other  hand,  at  high  frequencies,  when,  for  example, 
the  separation  of  the  condenser  plates  is  not  very  small  compared  with  the  wavelength  in  the  me- 
dium being  studied,  the  equipment  is  no  longer  utilizable  under  the  same  conditions. 

We  then  iise  pair-lines  (a  Lecher  line),  coaxials  or  wave-guides,  which  are  partlv  plunged 
in  water  or  which  are  partly  filled  with  water.  We  then  observe,  via  a standing  wave,  the  wave- 
length in  the  water  and  the  coefficient  of  attenuation. 

The  Lecher  line  is  a vertical  pair-line  (Fig.  4),  excited  in  the  air  by  a loop  at  the  fre- 
quency f.  An  alternating  voltage  measurement  instrument  is  placed  in  the  air  at  D.  The  line  is  plun- 
ged into  water.  The  e.m.  energy  travels  downwards  as  a travelling  wave  which  is  partlv  reflected  on 
the  interface  impedance  discontinuity.  Thus,  if  D is  located  vertically,  we  note  the  presence  of 
standing  waves.  One  can  place  D a little  above  the  interface,  at  a voltage  node.  The  travelling 
wave  still  goes  through  the  surface  and  travels  along  the  line  in  the  water,  and  finally  d^^appoars 
if  the  line  is  long  enough,  whether  it  be  open  or  closed  at  a short-circuit  C . If  the  short-cir- 
cuit point  is  brought  near  to  the  surface  B,  while  the  detector  f)  remains  at  the  same  place  we  can 
plot  the  graph  2 (b),  since  the  wave  reflected  at  the  short-circuit  sets  up  a new  standing  wave, 
which  is  damped  in  the  water.  In  this  way,  one  can  measure  the  wavelength  on  the  line  in  water 

and  the  attenuation  c on  the  line.  One  can  deduce,  from  line  theory,  the  wave  impedance  in  wa- 
ter, this  being  directly  related  to  the  complex  permittivity  value. 


1 


Fig.  4 (a)  : Lecher  line 


Fig.  4 (b)  : Measurement 


In  the  10  centimeter  wavelengths,  resonating  cavities  can  he  utili’.'eil. 
In  a cavity,  tiio  fields  present  must  comply  with  iht-  wave  equation 

(79)  + k")  F = 0 with  (HO)  k*"  = ^ ■-*' 


and  also  complv  with  the  limit  conditions  which  coincide  with  the  c.jvity  walls.  Il  the  cavity  is 
completely  tilled  with  a liquid  of  conductivity  nil  and  a real  permittivity  value  ’ giving  the 

propagation  constant,  the  resonance  frequency  is  divided  by  — ^ . In  orcu-r  to  get  back  te  the  same 

resonance  frv-queucy  as  liefore  tlie  filling  operation  began,  the  dimensions  ot  tlie  cavity  must  be 

diminished  bv  a factor  — . Moreover,  if  tlie  liquid  liaii  a non-nil  conductivity  valui,  the  over- 
e 

voltagL'  would  dei’reasi’  even  further  and  the  new  overvi.’!  tagt*  Wi'uld  liave  the  .ipproximate  valve  : 


(81) 


I 


Q 


In  practio  , a cavitv  is  chosen  so  as  to  have  a strong  overvoltage  coefficient  A sampK 

<'f  the  water  one  wishes  1.'  observe  is  introduced  into  the  cavitv.  We  then  measure  a displacement  of 
tile  resonance  frequency  of  the  cavity  and  a tiiminution  ot  the  overvoltage  .oefficient  whicli  tlms  ena- 
bles a cc'mputation  to  be  made  for  tlu-  real  part  and  the  imaginary  part  of  the  sample’s  complex  per- 
mittivity value.  The  sample  must  he  sufficiently  small  so  that  the  two  effects  havi-  no  hearing,  ont 
on  the  otlu-r,  .ind  thus  lead  independent  measurement'.. 


I 


Fig.  5 : Resonant  cylindrical 
cavity  in  the 

with  an  axial  sampU*  tube. 


I One  can,  for  example,  use  tiie  mode  of  a circular  regular  cylinder  (Fig.  S)  . In  this 

mode,  the  electric  field  has  axial  .ssTimet  ry  \ind  is  maximum  along  tlie  centre-line  of  the  axis  of  the 
I cylinder.  The  cylindric  svTnmotrv  can  be  maintained  if  the  sample  is  inserted  in  a cvlinvlrical  tube 

centred  on  the  cavity  cylinder  axis.  The  resonance  frequency  only  depends  on  the  diameters  of  the 
cavity  and  of  the  sample  tube.  Tt  is  independent  of  their  respective  heights,  inasmuch  as  the 
height  of  the  tube  <loes  nr’l  exci'ed  that  f'f  the  t'avitv  w.ills. 

At  centimet(*r  wavelengths,  so-calliMl  optical  methods  ari*  used,  these  consisting  of  measu- 
rement <if  the  coefficient  c»f  reflexiini  at  the  surface  t't  the  liejuid  at  normal  or  oblique  inci- 
dence. Small  dimension  e .m.  ennae  «’r  proietit^rs  are  used.  Roth  R and  R arc  measured.  The  appa- 


ratus  can  be  calibrated  by  replacing  the  water  in  the  test-cavity  by  mercury.  Absorption  values  can 
be  measured  separately  by  transmission  through  a "slice"  of  water  of  known  thickness.  The  quantities 
measured  are  related  to  the  main  e.m.  characteristics  of  the  medium. 

At  submillimetric  wavelengths  (KASTED,  J.B.)  (2),  we  use  a source  radiating  a continuum. 

The  radiation  is  directed  on  to  a Michelson  interferometer  with  two  beams.  The  sample  of  matter  is 
placed  within  one  arm  of  the  interf er..meter . For  heavily  absorbing  materials  such  as  water,  the  mir- 
ror in  one  of  the  arms  is  replaced  by  a plane  surface  of  the  specimen.  An  extended  interferogram  is 
recorded,  as  a function  of  path  difference.  From  this  one  can  deduce  the  phase  refractive  index 
(real  n)  and  the  attenuation  index  x applicable  over  a wide  frequency  range,  for  the  Fourier  trans- 
form of  the  interf erogram. 

The  interferometer  developed  by  the  British  National  Physics  Laboratory  is  shown  in  Fig.b. 
Movement  of  mirror  M increases  the  difference  X of  the  optical  paths  from  - D to  + D and  provides 
a slowly  varying  signal,  th^  variable  £art  of  which  forms  the  interferogram.  If  the  mirror  M is 
jittered  with  an  amplitude  X/8,  where  X is  the  mean  wavelength  detected,  the  signal  variation  resul- 
ting is  recorded.  The  recording  is  termed  the  phase-modulated  interferogram. 

In  the  absence  of  the  sample  W,  the  reference  interferogram  G (x)  is  recorded.  When  the  sam- 
ple is  introduced,  an  interferogram  G.(x)  is  observed.  This  is  the  convolution  product  of  the  impulse 
response  function  of  the  sample  V(x)  with  the  background  interferogram  : 


(82)  G(x)  = V(x)  t G Ax) 


From  the  properties  of  Fourier  transforms  it  follows 
(83)  S. (v)  = R(v)  S ^(v) 

where  : (84)  R(v)  = [ "w  " 

is  the  complex  reflection  factor  of  the  sample. 

n^(v)  is  the  refractive  index  of  the  liquid,  the  refractive  index  of  the  transparent  window. 
S^^(v)  and  S^(v)  are  the  computed  complex  power  spectra  evaluated,  respectively  with  or  without 
a sample  present. 


4.2.  I'sing  t'xporinu'iUvil  results  assuciateil  with  tlie  Dehye  equations  (S2)(5})(^^>  : 

For  pure  water,  there  is  good  agreement  between  the  experimental  results  (cf.  Fig.  7a  and  b). 

- the  value  is  well-known  (Saxton,  l-ane , Hasted,  Kitson,  and  others  ...) 

rhe  studies  by  Malmberg  and  Mar\-ott  (10)  Lead  to  formula  (H2)  , at  atmospherie  pressure  : 

(85)  = 87.740  - 0.4008  t + 9.')9H  x lO""*  t^  - I.41C  x 10  ^ 

where  t is  the  temperature  in  between  0 and  100®.  The  maximum  error  is  - 0.005 

ONSAt'.KR  [91,  KIRKWOOD  (7\  FROHI.ICH  (sl  and  other  authors  have  largely  eontrilnited  to  impro- 
ving the  initial  theory,  bv  cons i derat  ion , in  particular,  of  the  effect  of  the  dipolar  moments  of  the 
neighbouring  nK^lecules  on  the  mv'lecule  under  ci>ns  iderat  ion . 

- the  value  c comes  under  cK-ser  scrutiny.  The  best  estimation  seems  to  be  = 5,5. 

The  transition  w.ivelength  is  a tunclii*n  of  temperature. 

For  example,  we  t ind 
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Wi‘  m.iv  cite  the  results  i>t  Y.  I.K(^RANI)  (5]  »,‘a  leu  I at  I'd  f«'r  puri- 


The  experiment  gives  = 81.5 


.M  a lemperaturt'  ol 


bv  taking  f ^ = 5.5 

and  = I , K cm  < : = 0,S  W 
t!ms  yielding  the  results  cont.iinetl  in  table  III. 
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For  sea-water,  unf or  lunate  I v , we  do  not  h.ivt  sujiicient  experimental  case-studies  to  draw  on. 
N\'n  t he  I I'ss , the  results  strongly  favv'ur  the  theory.  Wi’  ^'an  take  it  that  tlu  attenuation  in^lex  • and 
the  absorpt  ii>n  coeftit'ienC  . tiepend,  above  all,  on  tlu  ionic  lU'nduc  t i v i t v values  .tl  1 ri'quenc  i i*s  be- 
low a tew  Cigahertz.  We  may  note,  tor  example,  the  results  presented  in  Fig.  8 (a^  .md  (b)  h . In 
Fig.  8 (a)  we  siH'  that  the  results  obtained  for  various  cottcent  rat  iiMi  K'Vi'ls  of  NaC-  agri*e  exaitlv  in 
their  alignment  oti  .1  straight  line  thrvMigh  the  origin.  In  like  manner,  the  results  tor  sea-wati*r  .ilso 
are  aligmui,  bvit  the  straight  line  is  .1  iransl.nion  of  llv  Nat'-  line  . Tliis  <!  i sp  I acement  is  certainly 
due  to  the  presetu'e  <»f  other  i->ns.  The  tact  lh.it  the  straight  line  for  sea-watei  samples  di’es  n*>t  gi' 
through  the  origin,  le.uls  us  to  concluding  that  there  is  a component  in  sea-water  which  c mnot  be  re- 
presented by  an  e<iuivalent  chloride  concent  rat  ion  and  which  is  cont  r i but  »->rv  t.'  the  dieleclrii-  proper- 
ties of  this  type  i>t  w.iter  (l5i. 

Neverthess,  tlu*  measurt'men  t s do  confirm  that  the  dielectric  pr.n>i*rtics  ot  sea-water  ■ .inti 
” c.m  be  taken  as  deriving  frt-*m  a single  cbarac  ter  i st  i c : salinity. 


l.et  us  further  cite,  .is  an  exampK*  tlie  results  c>f  Y.  l.FC.RAND  for  se.i-v.ater  me.asviretl  .it  17  t 
as  contained  in  table  IV. 


9,1.  liquid  water  at  fretjueneies  below  1 000  Ollz. 

Pure  water  (Fig.  9)  : 

For  all  frequencies  below  1 CHz,  •'  only  depends  on  temperature  (at  •*  » 81.5) 

Wben  the  frt*quency  in*Te.is*’S  from  I tt>  I 00(1  OHz,  • ’ ilecre.ises  .and  tends  to  5.5.  Absorpt  ii'n 
increases  atul  giu*s  through  a maximum  around  17  CH/.  before  decreasing. 

St  .i-wa t or  (Fig.  10)  : 

F<»r  .ill  frequencies  below  I tdl7.,  *'  tmly  depends  on  temperature  and  has  almi'sl  the  same  v.ilue 
as  fi>r  pure  water  (at  17®C,  • ' ■ 80.5)  and  ’ only  varies  slightly. 


Fig.  7 (a)  : e'  for  pure  w«iter  as  a function 
of  temperature  at  2.653  GHz. 
(NASA  - CR  I960) (is) 


Fig.  7 (b)  : e"  for  pure  water  as  a function 
of  temperature  at  2.653  GHz. 
(NASA  - CR  I960)  fl5) 
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Fig,  8 (a)  : Values  of  c*  - I relative  to  the  vahie 
c ’ - 1 for  pure  w.itcr  as  a function  of 
the  degree  of  salinity  at  I5”C  for  sodium 
chloride  solutions  and  for  sea-water 
samples,  at  2.653  GHz. 

(NASA  - CR  I960)  (is) 


Fig.  8 (h)  : r"/(c*  - 1)  for  SaCl  solutions 
and  for  sea-water  samples,  at 
15®C,  at  2.635  GHz. 

(NASA  - CR  1960)  [is] 
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Wliea  the  frequeucy  rises  from  I to  i 000  GHz,  e.*  .mH  t"  show  approximately  the  same  va- 
riation as  for  pure  water.  The  total  conductivity  o increases.  The  dipolar  conductivity  exceeds 
the  value  for  ionic  conductivity  as  soon  as  the  frequency  is  greater  than  4 GHz. 

9.4.  Liquid  water  at  frequencies  greater  than  I 000  tJHz  (Fig.  12). 

The  Debye  equations  with  a single  relaxation  time  prove  inadequate.  Their  application  sup- 
poses one  takes  a certain  spread  of  the  relaxation  time  into  account. 

K.  COLE  and  R.  COLE  (h)  put  forward  a general  version  for  Debye’s  equation,  by  writing  : 

(86)  c = c + : avec  (87)  t = ; 

1 (jwT^)  + 2 

where  x is  an  empirical  parameter  the  value  of  which  lies  between  0 and  !.  Generally  the  value  taken 
is  a = 0.02  (l4) . 

The  results  are  then  measurably  improved  and  approach  the  experimental  results  at  313  and 

152  um. 
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Table  V 


Complex  electric  permittivity 
ol  puri'  water  at  20®C,  with  real 
and  imaginary  parts  at  submil li- 
metric  wavelengths,  the  values  being 
taken  from  varic'us  sources  ill] 


SAXTON  <12],  in  order  ti>  the  bi'tter  describe  the  variations  of  e'  and  i"  at  sul>mi  1 1 iraeter 
wavelengths  based  his  findings  on  KROHLICH’S  theory,  as  regards  absorption  resonance  values.  In  effect 
the  question  arises  as  to  whether  it  is  preferable  to  consider  one  or  several  relaxation  times  for  the 
molecule  or  whether  to  consider  th.it  the  absorption  process  results  rather  from  resonance. 


12  : l.ogarithmic  diagram  for  •'  (thin  line)  .ind  for  " (thick  line)  for  piire  water  at  20'C  as  a 
fiincti«'n  of  the  frequency  •. 

The  <lotte<f  line  shows  the  value  »>f  " . a I 1 .1 1 using  the  I'vbve  toTmv\la  with  a single  relaxa- 
tion tim»*.  The  snui  I 1 circles  shi'w  the  valu«-s  of  • ' and  »"  calculated  with  a seci>nd  relaxation  time  ; 
• “ 0.008  rm. 

0,  n present  the  experimental  results  ; 7.  and  l)  for  ■'  and  D for  ="  (HASTED,  .I.B.)  (2  . 
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At  frequencies  above  I 000  GHz,  the  ionic  conductivity  is  also  affected  by  the  mechani- 
cal inertia  and  tends  to  disappear. 


Ion  movement  can,  in  effect,  be  represented  by  the  equation  : 
(64)  m * mZV  = q 


£ * mz\'-  = q E 


In  the  harmonic  condition  E = E and  V = V 

o o 

Equation  (65)  is  not  applicable  at  high  frequencies 

But  V = q E m (Z  + iw)  * u E (1  iwl) 

o o o 

with  the  relaxation  time  t = = — 

Z u 

For  each  ion,  this  time  can  be  calculated.  For  Na,  for  example,  the  value  found  is 
l.l  X 10  second.  The  transition  wavelength  is  0.2  mm.  The  last  entries  of  table  IV  are  therefore 
under  the  influence  of  ion  inertia. 

0.  THE  ELECTRIC  CHARACTERISTICS  OF  ICE  (z) 

The  mechanisms  by  which  molecules,  atoms  and  ions  can  move,  in  or  through  ice,  give  scientists  dif- 
ficult problems  to  solve.  Despite  the  progress  in  modern  experimental  techniques  and  the  results 
obtained,  it  is  still  most  difficult  to  interpret  and  understand  aspects  of  molecular  movement  and 
the  relaxation  phenomenon  observed. 

10.1.  Ice  at  frequencies  below  1 GHz 


The  ionic  conductivity  of  soft-water  ice  is  low.  Measurement  is  difficult.  Among  the  values  i 

recently  measured  at  - 10*C.  i 

—ft  i 

o'  = (l.l  * 0.5)  X 10  mho/m  ; 

The  measurements  of  Cg  and  e (w) , at  different  frequencies,  provides  data  concerning  dipole  ! 

orientation  in  the  net  and  hence  concerning  relaxation  time  t. 

The  measurements  of  e_  from  60  to  0®C  show  that  Cg  increases  as  temperature  decreases  and 
that  Cg,  measured  perpendicular  to  the  c - axis  of  the  crystal,  is  10  Z smaller  than  Cg  measured  pa- 
rallel to  the  same  c-axis. 

At  0“C,  Cg  for  polycrystal ine  ice  is  10  Z higher  than  for  liquid  water  . 

DAVIDSON  and  WAI.LEY  found  that  the  value  of  Eg  increases  with  pressure  rise  for  all  varie-  j 

ties  of  polymorphous  ice,  except  phase  II  and  phase  VIII  in  the  table  below. 

Values  for  Eg,  and  T are  set  out  in  table  VI.  We  note  that  dipolar  mobility  is  maintai- 
ned at  high  pressures. 

Table  VI  - Dielectric  characteristics  of  ice  (FRANKS,  F.l  (z) . 


' Ice 

(phase) 

Temperature 

(°C) 

Pressure 
(k  bar) 

"s 

^ i 

(4S.)  1 

I 

- 23.4 

6x10^ 

97.5 

3.1 

168  ; 

- 23.4 

1.6 

101 

213  1 

6 X lO'^ 

99 

3.2 

j 

II 

- 30 

2.3 

3.66 

3.66 

-30 

2.3 

117 

4.1 

2.75 

- 100 

2.3 

3.96 

' V 

1 ^ 

-30 

5 

144 

4.6 

7.2 

1 VI 

- 30 

8 

193 

' 6 ! 

! 

1 

22 

21 

48  1 

1 VII 

22 

21.4 

- 

0.2^  1 

IX 

1 

- 100 

2.3 

3.74 

L . J 

3.74 

’ 

We  may  recall  that  temperature  and  pressure  conditions  at  the  Farlh*s  surface, 
immediate  vicinity,  are  such  that  only  phase  I ice  is  present.  The  other  phases  II,  III, 
the  result  of  high  pressure  technology  in  laboratories. 


or  in  the 
etc . , arc 


1 


Table  VI  give  documentary  data  on  the  dielectric  properties  of  these  ices. 


1-28 


We  can  note  that  ice-types  II  and  IX  have  low  values  of  and  also  that  the  values  of  t 
are  equal  to  those  of  ; this  means  that  the  molecular  dipoles  are  frozen  or  blocked  and  cannot 
be  oriented  under  the  influence  of  an  external  electric  field.  Such  ices  are  consequently  transpa- 
rent to  a large  extent  to  e.m,  waves,  c'  is  identically  nil  and  only  ionic  conductivity  o'  has  any 
bearing. 

For  ice  I,  which  is  practically  the  only  one  of  interest,  it  is  possible  to  apply  the 
Debye  equations  and  to  compute  the  values  for  c'  and  e"  in  a wide  frequency  band,  up  to  approxima- 
tely 1 GHz. 

However,  the  equations  with  one  or  several  relaxatioYQtimes  do  not  enable  satisfactory 
descriptions  to  be  given  for  experimental  data  measured  at  JO  Hz  (i.e.,  at  a 3 cm  wavelength) 


Pkbar 

Fig.  13  : Relaxation  time  at  - 23. 4*0  for  ice-types  I,  II,  V and  VI 
as  a function  of  pressure.  Note  the  similitude  in  the 
behaviours  of  types  III,  V and  VI,  due  most  probably  to 
their  similar  tructures  (FRANKS,  F.]  (2). 

By  applying  KIRKWOOD'S  theory,  although  strictly  speaking  it  should  not  be  applicable  to  a 
medium  such  as  ice,  and  by  taking  three  layers  of  neighbouring  molecules  into  account  (in  total  84), 
we  reach  the  following  values  u * 2.6  D for  ice  in  phase  1 (KIRKWOOD’S  correlation  factor  g * 3). 

JO. 2.  Ice  and  snow  at  10  GHz. 

Very  few  measurements  have  been  made  for  frequencies  in  excess  of  10^^  Hz.  Table  VII  and  VIII 
give  the  values  for  the  index  of  refraction  at  3.2  cm  for  ice  and  snow. 
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Table  VII  - Values  for  the  real  part  R^(n)  and  for  the  imaginary  part  ~ 

of  the  complex  refractive  index  of  ice  at  various  densities  p 
for  various  temperatures  t°C,  measured  at  wavelength  >»J.2  cm  (l7 


\ 1 . 1 t . i 

0,0  0.  .J 

1 

6.4  1 

5.8  5.4 

1 

I 4.9  4.7 

4.5 

4.3  3.9 

3.7  3.3 

3.1 

2.8  2.6 

2.5  2.5 

2.4 

2.3  2.2 

2.1  2.0 

2.0 

1.9  1.8 

i 

1.6  1 1.4 

R^(n)  does  not  depend  on  temperature.  In  effect,  at  these  high  frequencies 
2 2 

e * R (n)  + X is  very  close  to  e , which  does  not  depend  on  temperature. 

^2  . ■ " . 2 
We  note,  finally  x is  small  compared  with  R (n). 


Table  VIII  - Values  for  the  real  part  R^  (n)  and  the  imaginary  part  1^  (n)  * x 

for  wet  snow  at  0‘*C,  as  a function  of  the  weight  per  unit  volume, 
on  one  hand  and  of  the  percentage  water  p (in  weight),  on  the  other 

hand,  measured  at  the  wavelength  X » 3.2  cm  (l7l 


5.2  ( 13.7  ( 26.2  | 38. C 

i I I 

i.8  ; 33.8  , 55.3  i 90.1 


73.4 

89.7 

112.0 

i 

134.0 

179.0  i 

242.0  ! 

304.0 

1 

! 371.0 

It  appears  that  ice  and  a layer  of  snow  of  the  same  density  have  essentially 
the  same  value  of  dielectric  constant. 
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L'eau  est  la  matiere  la  plus  rdpandue  a la  surface  de  la  terre  ou  elle  est  presque 
Omni -presente. 

En  regime  statique,  on  connait  tres  bien  les  proprietes  dieiectriques  de  l'eau  et 
la  conductivite  des  electrolytes  aqueux,  tels  que  l'eau  des  mers.  Des  theories  recentes  sont 
en  cours  de  developpement  (Kirkwood  - Frohlich). 

En  regime  harmonique,  I'application  d'une  theorie  relativement  simple  (Debye, 
Onsager)  fournit  des  resultats  convenablement  satisfaisants . 

Ces  theories  sont  etroitement  liees  a un  modeie  de  molecule  d'eau  coude  et  fortement 
polaire  et  aux  actions  mutuelles  entre  molecules. 

Le  corps  naturel  le  plus  etendu  et  le  plus  homogene  a la  surface  de  la  terre  est 

1 2 

1 Ocean.  Ses  caracteristiques  sont  convenablement  connues  jusqu'a  10  Hz.  Son  opacite  aux  on- 
des  e.m.  est  tres  grande. 

Les  calottes  glaciaires  sont  moins  homogenes,  leurs  caracteristiques  sont  moins  bien 
connues  et  jusqu'a  10 " Hz  seulement.  La  glace  aux  basses  temperatures  est  moins  opaque  aux 
ondes  e.m.  que  1 'Ocean. 


- I.ES  TROIS  CAR/tC'rKKISTiqL'E.S  o.m.  FONI),W;nT,\1.KS  des  MU.IEDX  FHY.SIQCES  fll  : 

La  plupart  des  problemes  d ' elec tromagnct i sme  macroscopiqae  ou  I'on  nc  considere  pas  d'effets 
non-1 ineaires , peuvent  etre  resolus  en  admettant  qu'au  voisinage  du  point  considere  certaines  relations 
lineaires  entre  les  vecteurs  du  champ  sont  acceptables.  Ce  sont  : 

(1)  n = e E (2>  H = i B (3)  j = o E 

u 

Les  coefficients  s’appellent 

e : la  permittivite  dlectrique  ou  pouvoir  inducteur  specif ique  ou  constante 

dielcctrique 

VI  : la  permeabilite  magnet  ique 
a : la  conductivite 

Ils  sont  a determiner  au  voisin.ige  du  point  et  a la  frequence  consideres,  uniquomont  a par- 
tir  des  proprietes  physiques  du  milieu  en  faisant  appel  a la  theorie  et  a 1 'experience. 

Bien  entemlu,  a partir  des  trois  caracteristiques  fondamentalos  c , vi , 
d'autres  mieiix  adaplees  a certains  problemes. 


,on  pent  en  definir 


-.M 


Dana  le  cadre  de  I 'etude  qui  nous  occupe  nous  allons,  dans  un  premier  temps,  examiner  som- 
mairement  1 ' importance  relative  des  caracteristiques  cn  cause  et  I'ordre  de  grandeur  des  valeurs  con- 
nues.  Puis  nous  approfondirons  I'etude  des  caracteristiques  essentielles  des  eaux  et  des  glaces. 

1.1.  La  permeabilite  magnet ique  u 

A la  surface  du  globe  terrestre  et  sauf  exception,  on  n'a  pratiquement  pas  a se  preoccuper 
de  la  permeabilite  magnetique,  si  Ton  exclut  les  matieres  ferromagnetiques  et  Ton  peut  admettre  que 
la  permeabilite  magnetique  p est  partout  egale  a celle  de  I'espace  libre  ou  vide  p^. 

Dans  le  systeme  MKS  (A)  que  nous  adoptons  (sauf  exception  signalee  dans  le  texte) 

(4)  p^  = 4it  . lo'^  (H  m”') 

1.2.  La  permittivite  electrique  e 

Cette  caracter i St ique  est  variable  a la  surface  de  la  terre,  non  seulement  d*un  corps  a 
I'autre  mais  en  function  de  la  frequence. 


La  permittivite  electrique  du  vide  est  (5)  = — 2 (F  m ) 

c u 


ou  c est  la  vitesse  de  la  lumiere  dans  le  vide. 

On  peut  definir  pour  chaque  corps  materiel  une  permittivite  electrique  relative  a celle  du 
vide,  par  la  relation  : 


W 


De  plus,  les  equations  de  Maxwell  permettent  d'etablir  en  regime  harmonique  la  relation 
(7)  e^=  n^,  ou  n est  I'indice  de  refraction  du  milieu. 

Enfin,  il  est  commode  d'introduire  un  vecteur  polarisation  electrique  induite,  defini  par 

I ’ equation 


(8)  P = 5 - E 

Le  vecteur  P s'annulc  dans  le  vide  et  il  s'annule  en  I'absence  de  champ.  II  represente  done 

la  mat iere . 


1.3.  La  conductivite  electrique  o 


e'est  la  carac ter i St ique  e.m.  la  plus  variable  et  de  beaucoup,  partant  la  plus  importante. 


L’cspacc  libre  ou  vide  est  le  seul  milieu  physique  qui  presentc  une  conductivite  identique' 
ment  nulle.  Pour  cette  raison,  le  vide  est  parfaitement  transparent  aux  ondes  electromagnet iques . Les 
autres  milieux  physiques,  dits  materials,  presentent  tous  une  certaine  opacite,  e'est-a-dire  qu’ils 
presentent  une  conductivite  equivalente  0 finie  et  non-nulle.  C'est  pourquoi  la  caracteristique  e.m. 
la  plus  importante  d'un  milieu  dc  propagation  est  sa  conductivite  ! On  I'evalue  en  siemens  par  metre 
ou  mho  par  metre.  Bien  entendu  0 est  fonction  de  la  frequence. 


1.4.  La  permittivite  electrique  complexe 


Les  equations  de  Maxwell  permettent  de  rassembler  les  deux  caracteristiques  f ct  0 d'un 
corps  non  ferromagnet ique , dans  le  domaine  de  I'espace  ovl  I'on  considere  le  champ  et  en  regime  harmo' 

nique  defini  par  I'operateur  (9)  T jw,  en  une  seulc  caracteristique  la  permittivite  electrique 

<7 1 

complexe 


(10) 


j 


a 


Ej.  (I  - jp1 


Grace  a cette  ocriture,  on  n'a  plus  a parler  que  d'une  seule  caracteristique,  en  distinguant 
toutefois  la  partie  reelle  et  la  partie  imaginaire,  ou  bien  en  distinguant  la  permittivite  relative 
d'une  part  et  la  tangente  de  1 'angle  de  pertes  p,  d'autre  part. 

f,a  permittivite  electrique  d'un  corps  est  directoment  a ) .a  structure  de  sa  m»']ecule. 

Le  moment  electrique  dipol.aire  est  I'une  des  plus  importantes  constantes  molecul a i res . La  polarisa- 
bilite  est  une  autre  caracteristique  importante.  Ccs  quantites  peuvent  I'une  comme  I’autre  etre  obte- 
nues  a partir  dcs  mesurcs  d ie 1 ect r iques . 

Reremment  , un  effort  d'an.ilyse  theorique  des  d ie  loc  t r i ques  a peimis  d'amcliorer  1' interpre- 
tation dcs  proprietes  des  milieux  ct>ndenses  et  d'exploiter  les  mesures  faitos  svir  dos  vapours  mi  des 
solutions  eternities. 

I. a permi 1 1 i V i t electrique  complexe  depend  de  la  frequence  ; c'est  aussi  d’un  grand  inte- 
ret  au  sujet  des  processus  d ' t»i  i ent  at  i on  de  la  molecule  el  de  la  connaissanre  des  temps  de  rel  axat  i *"*n . 
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2.1.'KCHKL0NNr.Mt;NT  Dt  S VALFITKS  DF.  LA  CONDUCTIVITK  F.T  LE  ROLF  MAJEl’R  OF  L'KAU  SLR  CKS  VAI.EURS  A LA  SURFACE 
DE  LA  TERRE 


2.1.  A frequence  nulle,  c'est-a-dire  en  regime  slatique,  I'industrie  humair.v  produit  des  corps  tres 
peu  conducteurs  : 


Corps 

Conductivite  Og  (fl  ^ m S 

Quartz  fondu 

< 2 . 10 

Verre  ordinaire 

-12 

10 

elle  produit  aussi  des  metaux  dont  les  conductivites  sont  elevees  : 

Ac  ier 

1 •? 
1 0,5  a 1 . 10 

1 

Cuivre 

1 5,7  . 10^ 

Le  rapport  des  ordres  de  grandeur  en 

puissance  de  dix  est  24. 

Les  corps  et  materiaux,  en  general  inhomogenes  et  meme  heterogenes,  que  I'on  rencontre  a la 
surface  ou  dans  les  couches  superf icicl les  de  la  terre  ont  des  conductivites  statiques  qui  se  situent 
entre  les  deux  extremes  indiques  ci-dessus.  Ce  sent  principalement  des  solutions  aqueuses  sous  phase 
solide  ou  liquide  et  des  roches.  On  trouve  les  valeurs  approximat ives  suivantes  : 


Corps  1 

1 

Conductivite  * 

1 

Basalte  sec 

lO"^ 

Glace  d'eau  douce  pure 

lO'® 

1 

i 

Eau  tres  pure 

1 

O 

Sols  secs  (granit)  ^ 

! )0"®  a ]0'® 

Eau  douce  (lacs  et 

^-3 

f 1 euves  ) 

5 . 10  ^ 

Eau  de  mer 

4 a 5 

Le  rapport  des  ordres  de  grandeur  extremes  (basalte  sec  et  eau  de  mer)  en  puissance  de  10 
est  de  9 a 10,  au  plus. 

2.2.  L’cau  tres  pure  est  relativement  peu  conductrice,  mais  e'est  un  solvant  presqu'universel . Presque 
tous  les  composes  chimiques  connus  se  dissolvent  dans  l*eau,  d'unc  quantite  decelable.  Les  solutions 
aqueuses  des  mineraux  qui  composent  les  roches  sent  toutes  plus  ou  moins  conductrices. 

Certaines  nappes  souterraines  sont  fortement  mineral isees . Certains  lacs  sont  sales.  Ces 
masses  liquidcs  sont  comme  I'cau  des  mers  de  veritables  electrolytes  forts. 

D’autre  part  I'eau  est  une  s\ibstance  des  plus  corrosives,  qui  reagit  avec  les  ions  et  los 
molecules.  File  s'infillre  dans  les  roches.  File  peut  s’ecouler  de  la  surface  vers  une  nappe  souterraino, 
mais  aussi  monter  d'unc  nappe  souterraine  vers  la  surface  par  capillaritc.  Sa  presence  conditionne  di- 
rectement  les  caracterist iques  e.m.  des  roches  de  la  terre,  y compris  le  basalte  dit  "sec".  Le  phiio- 
sophe  grec  de  I'antiquitc  Aristote  avait  inclus  I'eau  parmi  les  quatre  elements,  a cote  de  la  terre, 
de  I'air  et  du  feu. 

En  resume,  du  point  de  vue  elec t ro-magne t ique , I'eau  solide  ou  liquide  presente  la  permea- 
bilite  magnetique  du  vide  u . File  presente  de  plus,  parce  qu'elle  contient  des  charges  libres  ou  mo- 
nopoles c'est-a-dire  des  ions,  une  certaine  conductivite  reelle  o'.  Un  champ  clectrique  exterieur  F 
appliqvie  .a  un  echantillon  provoque  un  mouvement  ordonne  de  ces  charges,  c'est-a-dire  un  courant  de  con- 
duction. Enfin,  I'eau  presente  une  certaine  permittivite  electrique  qui  resulte  de  sa  polarisat ion, 
laquellc  est  due  principalement  a 1 'orientation  statistique  de  dipoles  permanents.  Kn  regime  harmonique 
les  pertes  par  frottement  dans  I 'oriental  ion  des  dipoles  de  I'eau  neutre  sc  traduisrnt  par  une  conduc- 
tivite supplemental  re  o'',  qui  s'ajoute  a la  conductivite  ionique.  La  conductivite  effective,  a la  fre- 
quence considerce,  est  alors  la  somme  des  deux  conductivites  elementaircs 


(45) 


0 « o ' 


1 -3(1 


3.  LA  RKI’ARTITION  nL  l.’KAll  SUR  l.L  GU)HK  (2)  : 

L'eau,  corps  U*  plus  ordinaire,  est  omnipresent  h ia  surface  de  la  terre.  Kn  fait,  la  pla- 
nete  terre  pourrait  s'appeler  plus  justement  la  planete  des  mers  ou  la  planete  de  I’eau,  car  I'eau  est 
probablement  la  substance  qui  distingue  le  plus  la  terre  des  autres  planetes  du  systeme  solairc.  11  y 
a de  I'eau  a peu  pres  partout  a la  surface  ou  a profondeur  relativement  faible. 

8 3 8 ^ 

3.1.  Le  total  represente  un  volume  de  13,5  x 10  km  , pour  une  surface  planetaire  de  5,09  x 10  km*" . 

Sur  un  raodele  spherique  I'epaisseur  du  film  d’eau  serait  de  2,650  kro. 


La  repartition  globale  approximative  de  cette  eau  est  la  suivante  : 

8 3 

- Leg  oceans  : Ils  representent  13  x 10  km  , soit  97  Z du  total,  pour  une  surface  oceani- 

que  de  3,6  x 10°  km  . L'epaisseur  moyenne  des  oceans  est  done  de  3,610  km. 

, . 7 3 

- Les  calottes  polaires  : L Antarctique  supporte  2,5  a 2,9  x 10  km  de  glace  d'eau  douce, 

pour  une  surface  geographique  de  1,5  x lO^  km2 . L'epaisseur  moyenne  de  cette  glace  est  de  1,8  km. 

L'Arctique  ne  contribue  que  pour  3 x 10*^  km^  au  stockage  de  la  glace  d'eau  douce. 

Malgre  I 'importance  de  la  quantite  d'eau  soustraite  aux  oceans  par  les  calottes  polaires, 
les  bords  des  croutes  continentales  sont  cependant  couverts  par  la  mer  sur  les  "plateaux  continentaux" 
Merae  si  I'axe  de  rotation  de  la  terre  perqait  sa  surface  sur  deux  continents,  ce  qui  doublerait  appro- 
ximativement  le  stock  des  glaces  polaires,  une  grande  partie  des  plateaux  continentaux  serait  encore 
couverte  d'eau,  dans  les  conditions  actuelles  de  temperature. 

- La  partie  superieure  de  la  croute  terrestre  emergee  : 


Ln  dessous  des  surfaces  continentales  (ou  immediatement  au  contact  de  I'air)  se  trouve 
approximat i vement  4,8  x 10^  km^  d'eau,  dans  des  nappes  saturees  ou  des  roches  non-saturees. 

Si  on  se  limite  a 1 km  de  profondeur,  la  quantite  d'eau  douce  est  estimee  a 4,1  x 10^  km^. 

3.2.  Sur  les  continents,  la  quantite  d'eau  par  unite  de  surface  est  tres  inegalement  repartie.  Voici 
les  principales  concentrations  : 


- les  glaciers 

- les  grands  lacs  d'eau  douce  (Baikal,  etc..) 

“ les  grands  lacs  d’eau  salee  (Caspienne,  etc,.) 

- I'humidite  superf iciel le  des  sols 

- les  fleuves  et  les  rivieres 


2,1  X 10 


1,2  X 10 
1,2  X 10^ 


25  X 10 


1,2  X 10 


km 


1 iqui de , 


La  basse  atmosphere  contient,  d.ms  la  t roposphi' »‘e , I'equivalent  de  13  x 10^  km^  d'eau 


Le  renouvel lement  par  evapor.Jtion  des  oceans,  precipitation  el  retour  aux  oceans,  pour  Ic 
globe  entier,  est  de  3,5  x 10^  km^  par  an. 

4.  LKS  MO:-n-;NTS  Kl.KCTRKirF.S  Kr  I’OLARISABILITF  DKS  MOl-KCULKS  (3) 

Nous  avons  deja  expose  que  la  connaissance  des  caracteri st iques  electriques  des  corps  mate- 
riels  exigcait  tout  autant  le  deve loppement  de  1 'etude  theorique  que  celui  de  1 'experimental  ion.  Nous 
sommes  done  conduits  a rappcler  rapidement  les  bases  premieres  de  la  the.'rie  physique,  avani  d'abor- 
der  la  discussion  de  ses  plus  recents  progres.  Bien  entondu  les  proprietrs  de  I'eau  sous  toutes  ses 
phases  dependent  fondamentalement  de  la  structure  cl  des  proprietes  de  la  molecule  isolee, 

4.1.  Le  potentiel  d'unc  distribution  de  charges 

Au  point  do  vuc  elcctrique  une  molecule  est  conslituee  par  des  charges  positives  et  neg->" 
tives,  reparties  au  voisinage  de  son  centre  de  gravite. 

Pour  la  comprehension  des  phenomenes  d ie lect r iques  el  la  propagation  du  champ  e.m.  d.ins  la 
matiere,  il  est  utile  de  developper  en  serie  d 'harmoniques  spheriqijes  le  potentiel  cree,  a distance, 
par  une  distribution  de  charges  non-spher ique  et  de  representer  le  potentiel  de  ces  charges  par  les 
premiers  termes  du  deve 1 oppement . 


Considerons  done  un  atome  ou  une  moltVule  constituee  par  quelques  charges  qui  occupent  un 
petit  volume  et  prenons  pour  origine  des  coordoniuVs  le  centre  de  gravite  de  la  molecule. 


Le  potentiel  V au  point  M (X,  Y,  7.)  cree  par  les  charges  e. 


situees  aux  points  x 


Sion 


' 2 


- - - X . 


V . 

■ J 


est  fi'urni  par  I'cxpres- 


V . y 

O J 


[ 


(X  - X.)  ♦ (Y  - y.)  + (Z 


-.-T 


(in 


Posons  (12) 


2 2 2 2 
p = (X^  + + 7.  V 

, 1 I ' • 

Ue  dove  1 oppenient  do  V suivant  les  puissances  do  ^ s ocrit 

1 r''o  ‘‘i  '^2 

03)  V = ^ -^--2*7*--- 

o L 1’  p J 

chaquf  coefficient  , k^  , k^  ne  depend  quo  de  la  structure  de  la  distribution  de  charges  et  dts 
coordonnees  (X,  Y,  Z) . 

4.1.1.  Le  moment  monopolaire 


II  n'existe  que  pour  les  molecules  ionisees.  Pour  un  systeme  neutrc  dans  son  ensemble,  tel 
qu'une  molecule  neutre,  il  disparaTt.  Au  contraire,  pour  les  ions  en  premiere  approximation  le  poten- 
tiel  se  reduit  a cclui  du  a la  charge  globale.  C'est  la  base  de  la  theorie  des  electrolytes  forts  de 
Debye-Hiickel . Cela  est  d'autant  plus  justifie  que  le  terme  k,  est  nul  pour  les  ions  simples  et  les 
ions  complexes  symetriques  et  qu'en  outre  le  terme  k^  est  nut  pour  les  ions  simples  a couches  electro- 
niques  saturees  ou  pseudosaturees , comme  : 


Na  , Cl 


.1.2.  Le  moment  dipolaire 


k , = e . X . + - F i >'  i 

I p 4 i 1 p . I 1 


y e.z. 

P v l I 


k ne  differe  de  zero  que  si  I'un  au  moins  des  trois  termes  V diffore  du  ztTo,  c est-a-dire 
que  si  le  barycentre  des  charges  positives  ne  coincide  pas  aver  celui  des  charges  negatives  meme  en 
moyenne  dans  le  temps.  Dans  ce  cas,  la  molecule  est  "polaire".  Elle  possede  un  moment  electrique  v. , 
vecteur  de  composantes  : 

u = y e . X . = '>  e . y . u = y e . z . 

"x  ^11  y • 1-  1 z j j 

Elle  equivaut  ii  un  dipole  forme,  par  exemple,  de  la  charge  - e .i  I'origine  des  coordonnees 
et  de  la  charge  + o au  point  de  coordonnees 


La  charge  e etatU  assez  grande  pour  que  x,  y et  z soient  tres  petits,  le  potent iel  do  ce 
dipole  est  : 

1 , X Y ^ Z. 

(Ih)  V 2 ^ p> 

A-  c,o 

I'n  atome  isole  n'a  pas  de  moment  dipolaire,  car  le  nuage  elcctronique  est  symetrique  par 
rapport  iu  novau.  De  meme  une  molecule  presentant  un  centre  de  symetrie  comme  CH  n'est  pas  polaire. 
Au  contraire,'  les  moldcules  coudees  ou  pyramid,!  les  sont  polaires.  est  une  molecule  coudee , done 

po 1 a i re . 

4.1,3.  Le  moment  quadrupo I a i re 

(17)  k,  4 O % - 1)  y e.x^  4 n ^ - n V e;v‘  . I (3  ^ - 1)  y e.z‘ 


r YZ  r , 2.x  r 

y e.x.y.  * i y c-yiit,  ^ i ^ y ejZ.x. 


Cu  terme  pent  se  discuter  en  considerant  la  quadrique  : 

(18)  y e.Xj  r V c..v'|  * y e^Zj  ♦ 2 f.  n I ejX.y.  * 2 n y e.VjZ. 

+ 2 y e - z . X . = 1 

til 


1-?S 


qu.iLlriqiit*  a,  par  rapport  d la  molecule,  une  orientation  bien  dtHertninee,  independante 
du  systeme  de  reterenco.  Au  lieu  de  prendre  des  axes  de  coordonnees  quelconques,  choisissons  le  trie- 
dre  ox’y’z’  des  axes  principaux  de  la  quadrique,  les  termes  rectangles  s'annulent  et  le  terme  en 
du  potent iel  V devient  : 


(19) 


2 p 


e.xl^  * (3  - 1)  5;  e.y!^  ^ (3  ^ - 1)  e 

P 


V.2 


Si  la  quadrique  est  une  sphere  (20)  : ^ e.x!^  = ^ e.y!“  =*  I e.z!^ 

Dans  ces  condi t ions  ,le  potentiel  s'annule,  puisqu’on  peut  mettre  en  facteur 


(21) 


.2  .2  .2 

(3i'— - X;  - ^L-  3)  = 0 


Ainsi,  sans  changer  le  potentiel  on  peut  ajouter  ou  retrancher  une  meme  quantite  aux  trois 
grandeurs  1 ^i^!^  * ^ ^i^i^ 

Supposons  que  (22)  ^ ^i^i^  ^ ^ ^ ^ ^i^i^  ' potentiel  ne  depend  que  des  deux 

grandeurs 


(23)  Q,  = I e.x!^  - I e.y!^ 

(24)  = ):e,y-2  - I e.z:2 

II  peut  etre  attribue  a un  quadrupole,  c'est-a-dire  a 


2eb‘ 


■^2e 


2 ed* 


-2e 


2ed' 


Kxemples  de  quadr  . poles 

tin  ensemble  de  2 charges  positives  ♦ e de  coordonnees  * V 35-^  , 0 , 0 et  de  2 charges  negatives  - e 

/^2  . * 

de  coordonnees  0,  0,  * . (e  di>it  etre  ass<*z  grand  pour  que  le  paral  Iclogramme  ainsi  forme  ait 

des  cotes  tres  petits). 

Fn  pratique  la  qviadrique  est  tres  souvent  de  rtwoluiion.  On  peut  alors  definir  le  moment 
quadrupolaire  effect  if  Q porte  par  I'axe  de  revolution.  Si  Q ' 0 le  quadruple  est  forme  d'une  charge 

“ 2c  entoureo  de  deux  charges  * i*  a la  distance  d : (25)  Q * 2e  d*^  . Si  Q < 0,  changer  le  signe  des 

charges.  Un  atome  011  un  ion  dont  toutos  Ics  conches  eleccroniqties  sont  saturees  ou  pscudosaturecs  n'a 
pas  de  moment  quadrupolaire  effectif. 

Une  molecule  complexe  non-polaire  ou  un  atome  a couches  electroniques  non  completes  equiva- 
lent a un  quadrupole.  P<nir  une  moU'cule  polaire  comme  celle  de  I'eau,  il  peut  etre  necessairo  de  tenir 
compte  du  quadrupole  en  memo  temps  que  du  dipole. 

-U 

l.e  terme  en  0 d\i  devel oppement  de  V pourrait  permotlre  de  definir  un  mt'ment  octopolaire. 


4.2.  I.a  polari  saSi  1 i te  des  molecules 


Considerons  une  molecule  soumise  a un  champ  electrique  local  K , qui  modifie  les  positions 
relatives  des  noy.iux  et  le  mouvement  des  electrons,  il  en  rosulte  la  creation  d'un  moment  dipolaire  u 
qui  s*ajoute  au  moment  permanent  u , si  la  molecule  est  polaire.  t>n  dit  qu'il  y a polarisation  de  la 
molecule. 


Si  on  consvdere  le  regime  h.nmuuuque  du  champ  macroscupique  E et  dii  champ  local  V.  a une 
t requence  elevee,  dans  le  visible  ou  le  proche  u.v.,  la  molecule  ne  se  deforme  pas  et  seule  intervient 
la  "poKir  isahi  I i te  e lect  run  ique" . On  ^peut  dcl^inir  un  ellipsoTde  de  pol  ar  i sab  i 1 i te  electronique  et  une 
polar isabi 1 i te  moyenne  t telle  que  C * i K . 

e e e m 

On  peut  detinir  de  faqon  analogue  un  eUipsoTde  de  pol  ar  i sabi  1 i te  atomique  lorsque  la  fre- 
quence est  asse7.  faible  pour  qu'il  suit  ntu-essaire  de  tenjr  compte  de  la  deformation  de  la  molecule  et 
definir  de  plus  une  po 1 ar i sabi I i te  i Celle  uue  a = i K 

a a a m 

4.3.  l.d  polarisation 

Supposons  un  cli.imp  electrique  macroscopique  E statique  et  uniforme  la  polarisation  induite 
dans  1 ' echant i 1 Ion  de  matiere  dielectrique  est  d'apres  les  equations  (b)  et  (8) 

(2b)  P ^ e - 1)  E 

o r 

l.e  vecteur  P represente  la  somrae  des  moments  dipolaires  par  unite  de  volume,  qu'ils  soient 
dus  a rorientation  des  dipoles  permanents  au  mouvement  des  electrons  ou  a la  deformation  de  la  molecule 


(27) 


P = P 


P + P 


correspond  a ['orientation  des  dipoles  permanents  qui  est  genee  par  I'agitation  thei 

P 1 ,, 


que.  P^  et  P^^  comme  et  i correspondent  aux  polaris.it  ions  atomique  et  electronique  et  sont  dues  a des 
phenomenes  intramoleciilai res  independants  de  la  temperature. 

l*n  peut  ecrire  de  meme  le  moment  tiipolaire  moyen  u,  de  la  molecule  si>us  la  forme 


(28) 


i»‘|  * 


1 ume  mo  I a i re  : 

(29) 


Enfin,  s'il  y a ~ molecules  par  unite  de  volume,  et.int  le  nombre  d'Avogadro  ct  V le  vo 


S'"  = -^  -I  " ‘ 

V 1 p V ff 


Revenons  aux  dipoles  permanents,  l.eur  orient. uion  diminue  le  desordre  thermodynamiqiie. 
L'energie  potentielle  d'un  dipole  elemenCaire,  ay.int  tourtu  de  1', ingle  ■ , est  : 

(30)  L'  = - i.  , K . cos  P 

p m 

I-  equilibre  statisticjue  est  regi  de  fai,‘on  telU’,  qui-  les  mi'lecules  se  repart  i ssent  , entre 


It'S  differents  nive.'uix  d'tuiergie  T,  proport  ionnel  lement  ;i  e 
et  T la  temperature  absolue. 


kT 


, oil  k est  la  constante  de  Boltzmann 


On  ecr i t : (31)  e 


kT 


u K 
I ^ P 

1 * cos 


(T  • too  *k) 


Kn  I'abscnce  de  champ,  avicune  direction  n’est  privilegico  ct  le  nombre  de  molecules  dont  le 
moment  tail  .ivec  uiu-  direction  fixe  un  angle  compris  entre  ••  et  • ♦ d-  est  proport  iiMincl  h I'angli'  so- 
lide  2-  sin  • d'*.  Ch-icune  ties  molecules  contribiiant  pour  la  p.irl  ..  cos  '■  au  mt^ment  dipolaire, 
on  triiuve  j P 


( 12) 


I-  * i ^ r 

P 2 V “p  ;;  [ 


U K 

1 ..  P / • . 

I ♦ — T-—  ct»s  ••  I cos  sin  '•  c 

kl  ' 


D’nij  en  integrant 


(3V) 


. N , II  E 

. Ji  JU? 

p IV  kT 


(.o  qin  doniu-  avec  (~'i) 

u-i)  P = ^ K 

V )kT  m 

i.A  Moi.Kc’m  n’FAP  (2I 

Pour  t'Xpliquor  los  propriotos  connuos  do  la  molecule  d'eau,  on  est  conduit  a admettre  que 
cette  molecule  presente  une  cortaine  structure.  File  est  essent i e ! 1 ement  composee  d'un  ati'me  d'oxyg»*nf 
et  de  deux  atomes  d ' hvdro>;ene . II  reste  a pii\-iser  les  pt»sitions  respectives  des  char^tes  rt  Jos  massos 
qui  satist'ont  aux  donnees  expe r iment a 1 es  le  moment  electrique  permanent,  le  moment  d’inertie  mecanique 
connu  par  I’absorption  dans  I * inf ra-rou^e  et  par  I'effet  Kaman,  1 ' ani sot ropi e connue  par  la  polarisa- 
tion de  la  lumiere  diffusee,  etc.. 

Malhevjreusement  , dans  I'etat  actuel  de  n^'s  conna i ssances , plusieurs  cont  igurat  ions  de  mole- 
cules sont  compatibles  .ivec  I'ensemble  des  donnees.  Cependant , toutes  ces  conf igurat ions  admettent  un 
niodele  c^'vide  HOH  et  lorlemenl  pt'laire. 


-2e 

/ 

/ 

/ 


d'eau  proposi'  par  Popl 
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S.l.  Les  proprietes  electriques  dt»  la  molecule  d'eau  libre 

l.e  moment  electrique  permanent  de  la  molecule  d'eau  11,0  a ete  deduit  de  la  variation  de  la 
permittivite  electrique  de  la  vapeur  d'eau  en  tonctiun  de  la  temperature,  ainsi  que  d'autres  expe- 
riences . 

La  valeur  la  plus  probable  est  : 


_ I ^ 

(35)  p « 1,83  I)  = 1,83  X 10  ues  cm. 

-30 

Le  symbole  D designe  le  debye.  L'n  debye  vaut  3,333  10  C.m..  Le  vecteur  u est  porte  par 

la  bisectrice  de  Tangle  H-O-H.  II  est  oriente  de  Tatome  negatif  d'oxvgene  vers  la  region  positive 
entre  les  atomes  d’hydrogene.  La  longueur  des  liaisons  OH  est  de  0,9(S  A et  Tangle  de  liaison  HOH  vaut 
lO^**.  Les  valeurs  relatives  a la  molecule  libre  ne  se  retrouvent  pas  dans  le  liquide.  Mais  on  pent 
tenter  de  representer  le  dipole  pt rm.ment  par  une  fonction  d'onde. 

Le  moment  quadrupolai re  Q est  connu  a partir  de  Texperience.  II  vaut  : 

-26  2 

(3b)  Q = (-  5,6  * 1,0)  X 10  ues  cm 

Les  valeurs  individuel  les  ct  ne  soiu  pas  actuellement  comities  exper  i men  ta  1 emcn  t 

mais  peuvent  etre  calculees  a partir  des  functions  d’onde. 

Les  valeurs  calculees  des  moments  individuels  sont  alors  : 

— 9h  —'^6  «*"26  2 

0 = - 6,6  X 10  Q « - 5,2  X 10  Q = - 5,7  x lO  ues  cm 

^xx  ’ yy  zz 

Ces  valeurs  se  rapportent  a la  molecule  ayant  son  centre  de  gravite  a Torigine  des  coordonnees.  Les 
signes  - indiquent  que  les  contributions  des  electrons  a ce  moment  sont  plus  importantes  que  cel  les 
du  noyau,  l.’egalite  approximative  des  mi'ments  individuels  montre  que  la  distribution  des  charges  est 
presque  spher ique . 

La  polarisabi I itd  moleculaire  >i  est  connuc  experimentalement , sa  valeur  moyenne  est  : 


(37) 


a = i (. 


-2i*  3 

1 ) = 1 ,44  x 10  cm 

zz 


Les  composantes  du  tenseur  ne  sont  pas  connues  mais  il  seml.le  que  Tanisotropie  de  la  pola 
risabilite  so  it  petite. 

Une  nouvellc  constante  electrique  de  la  molecule  a etudier  ot  a mesurer  serait  la  variation 
du  moment  dipolairc  pendant  la  vibration  moleculaire. 


5.2.  Les  arrangements 


s de  molecules  d'eau  {I'rank,  H.S.](4) 


La  molecule  dans  la  vapeur  peut  etre  consideree  comme  libre. Pans  la  glace,  aux  faihles  pres- 
sions  (formes  I ct  I ) chaque  molecu’e  est  entouree  de  4 voisines,  disposecs  aux  sommets  d'un  tdtra- 
edre  regulier  a''unc  distance  de  2,7S  K environ  et  il  existe  12  voisines  de  second  rang  a la  distance 
de  4,5  S chacune.  Aux  pressions  elevccs  (formes  II  a VI)  la  disposition  en  tetraedres  est  quelque  pen 
deformee  ; les  molecules  voisines  sont  separees  par  des  distances  de  2,75  a 2,9  \ et  les  voisines  de 
second  rang  n'approchent  pas  a moins  de  3,5  K.  Pans  la  forme  la  plus  dense  (forme  VII)  I’arrangement 
est  cubique  centre  ; la  distance  entre  le  centre  et  iin  sommet  etant  de  2,95  X. 

I.' interpretat ion  de  ces  decouvertes,  on  termes  de  liaison  hydrogene,  est  amplement  confir- 
mee par  Ics  etudes  de  diffraction  des  neutrons,  le  spectre  Raman  infrarougc  et  pour  les  phases  dcsor- 
donnees  par  les  proprietes  acoiist  iqiies  et  clcctriqiies  et  les  entropies  residuelles. 

I,' importance  des  liaisons  iiydrogene  conneetant  chaque  molecule  a ses  voisines  a etc  recem- 
ment  confirmee  par  des  calculs  de  mecanique  qiiantiqiie  et  apparaTt  clairement  ; Tangle  de  liaison  en- 
tre les  protons  n'est  jamais  tres  different  de  I09". 

Ainsi,  I'eaii  peut  etre  representee  par  un  atome  d’oxygene  au  centre  d'un  tetraedre  regulier, 
qui  possi'derait  iin  noyau  d'tiydrogene  (proton,  deutcron  ou  triton)  en  deux  sommets  et  deux  paires 
d'electrons  en  orhites  diriges  vers  les  deux  autres  sommets. 


Kn  considerant  l.i  variete  des  conf  igurat  ions  ohservees  dans  les  phases  solides,  on  peut  ad- 
mettre  que  dans  le  liquide  iin  be.iueoiip  plus  grand  nomhre  de  structures  desordonnees  peuvent  assembler 
les  molecules  en  arrangements  t e t raedr i ques  un  pen  plus  deformes.  Ccci  ne  signifie  pas  qu'il  y ait  une 
abondance  significative  d ' agrdg.it  s assez  grands  et  regiiliers  pour  Ftre  identifies.  Au  contraire,  il 
paraTt  raisonnahle  de  penser  qu'il  y a en  presence  les  ones  des  autres  heaucoup  de  configurations  i r- 
regulieres  comp.it  ihle*?  .ivec  l.i  ch.ileur  de  fusion. 
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Fig.  2 : Disposition  geometrique  proposee  des 

noyaux  et  de  la  distribution  de  charges 
electroniques  dans  une  molecule  d'eau  (4] 


5.3.  Les  isotopes  (2] 

. • 1 123 

jy  ^^rictement  parlant,  1 eau  esc  un  melange  de  combinaisons  d isotopes  H,  H,  H et 
0,  0,  0 sous  forme  de  molecules,  d*ions  d'hydrogenes  et  d'ions  OH 

Dans  les  eaux  naturelles  les  proportions  sont  les  suivantes  : 


2 

I 


H 


I 

69  000  * 


5 


18^ 


1 

500 


Ces  proportions  sont  partout 


les  memes. 


T—  = — r^-  Le  tritium  apparait  dans  la  pluie  et  la  neige 

I0‘® 


(La  periode  de  decroissance  moitie  esl  de  12,5  annees) 

6.  l.A  FORMIILE  DE  CI.M'SIUS  MOSSOTTI  (sl 

Afin  de  poursuivre  le  calcul  theorique  de  la  permittivite  sur  les  resultats  du  § 4.3.,  il 
reste  a trouver  une  relation  determinant  le  champ  local  E agissant  sur  la  molecule  a partir  du  champ 
applique  E en  tenant  compte  de  la  presence  des  autres  moTecules  au  voisinage  de  la  molecule  consideree. 

6.1.  Le  regime  statique 


En  partant  d'un  modele  simpliste  (Une  cavite  spherique  sur  la  face  interne  de  laquelle  appa- 
raissent  des  charges  est  centree  sur  la  molecule  consideree)  Mossotti  et  Lorentz  parviennent  a 
1 ’ express  ion  ; 


(38)  £ » E + 


3 e 


En  eliminant  E,  et  E entre  (26),  (34)  et  (38),  on  trouve  : 


(39) 


e - I N.  , 
r _ _A  

e + 2 “ V 3 e 


a > -2- 
3kT 


En  1 'absence  de  moments  dipolaires  permanents,  la  formulo  se  reduit  a 1 'expression  de 
Clausius  Mossotti 


1 


N. 


(40) 


*2  V 3 G 
r o 

6.2.  l.e  regime  harmoniqtie  et  I 'equation  de  Debve  : 

Si  on  utilise  un  champ  E variable,  c ' est -a-d i re  une  onde  tMect romagnet ique  entretemie,  la 
permittivite  electriqiie  donnee  par  la  relation  tie  Maxwell  * j.  = n’  (ou  n est  I’indice  de  refraction) 
depend  de  la  frequence.  Lorsqtie  celle-ci  atteinl  10^  Hz  environ, diminue  fortoment  ptujr  les  substan- 
ces a molecules  polaires,  car  les  dipoles  n'«int  pas  le  temps  de  s'orienter  dans  le  champ,  f.  varie 
tres  rapidement  dans  les  bandes  <1 ' absorpl  ion  ou  les  vibrat  ions  i nt  ra-mi'lecu  1 ai  res  prennenl  une  grande 
amplitude  car  elles  sont  en  resonance  aver  I'onde  e.m.  les  bandes  d ' absorpt i i^n  de  1 ' i nf ra-rouge  cor- 
respondent aux  vibratit'ns  des  noy.aux  et  celles  de  1 ' u 1 I ra-v  i o I et  aux  vibrations  e 1 ec  t ron  i ques  . 


\-43 


Aux  frequences  suf f isannnent  basses, c 'est-a-dire  pour  I'eau  inferieures  a 10  Hz, la  polari- 
sabilite  peut  passer  pour  instantanee  tandis  que  1 'orientation  dipolaire,  qui  apporte  a la  polarisa- 
tion une  part  principale,  ne  I'est  pas. 


poles  va 

docroissa 

porelle 


Supposons  qu'a  I'instant  t = 0,  le  champ  f.  s'annule  brusquement.  L'un  quelconque  des  di- 
sc mouvoir  pour  gagner  une  nouvelle  position.  Debye  a suppose  que  1 'angle  de  rotation  B 
it  de  8^  a zero  suivant  une  loi  exponentiel le,  la  polarisation  ? suivant  la  meme  loi  tem- 


t 

(41)  ? (t)  = ? (0)  e ^ 

P P 

ou  T est  un  temps  de  relaxation 

en  regime  harraonique  1 'equation  (39)  devient  : 


(42) 


e - 1 
r 

V + 2 


V . 3 G 


y 

_ 


1 


3kT  1 + jujT 


La  permittivite  est  done  complexe,  elle  possede  une  partie  imaginaire  qui  rend  compte  du 
freinage  par  le  frottement  de  viscosite  et  qui  correspond  a une  conductivite  reelle. 

On  peut  poser  : 

(43)  r = e'  - je" 

La  partie  reelle  e*  provient  d'une  part  de  la  polarisabilite  d'autre  part  de  1 ' or ientation 
dipolaire  . 


La  partie  imaginaire  e"  provient  de  I'orientation  dipolaire. 

o" 

On  peut  poser  (4A)  : g"  ^ 

U)  G 

O 

La  conductivite  totale  du  milieu  est  la  somrae  de  la  conductivite  ionique  o'  due  aux  mouve- 
ments  des  monopoles,  s'il  y cn  a,  et  de  la  conductivite  dipolaire. 


(45)  0 * o'  + a" 

En  resume,  les  caracteres  distinctifs  de  la  polarisation  macroscopi que  ainsi  obtenue  sont 

les  suivants  : 

i)  A champ  E donne,  ^ est  nettement  plus  grand  pour  les  corps  polaires  que  pour  les  corps  non 
polai res . 

ii)  La  polarisation  depend  notablement  de  la  temperature.  Elle  augmente  quand  on  diminue  la  tempe- 
rature parce  que  I 'agitation  thermique  decroit. 

iii)  Les  pertes  dielectriques  sont  beaucoup  plus  grandes  dans  les  corps  polaires.  Au  cours  de  leur 
oscillation,  les  moments  elementaires  dissipent  en  chaleur,  par  choc,  I'energie  qu'ils  reqoivent 
du  champ. 

6.3.  On  ecrit  a partir  de  (42)  : 


(46) 


r - 1 


*2  T (1  + jiiJi) 


avec  (47) 


-r  TT- 


et 


1 ^ 

A 1 p 
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Si  la  molecule  est  spherique  de  rayon  a et  tourne  dans  ui.  fluide  de  viscosite  n,  la  loi  de 
Stokes  conduit  a 1 'expression 


(49) 


4 _ 0,4  Tt  a n 

2kT  “ kT 


(n  etant  mesure  en  poises  et 


en  metres) 


que . 


Aux  frequences  trcs  basses  (u  ♦ 0),  tend  vers  un  nombre  reel  : la  pernu  tl ivi te  stati- 

Aux  frequences  tres  ^levees  (ui  * •>■) , f tend  aussi  vers  un  nombre  reel  : la  permitttvite 
optique,  qui  est  le  carre  de  I'indice  de  refraction,  lorsque  1 'orientation  des  dipoles  permanents  ne 
contribue  plus  a la  polarisation  et  que  la  polarisabi 1 i te  subsisce. 


(50) 
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e - I 


151) 


= U 


II  viont  (equation  de  Debye) 


(5J) 


1 

( I 
( 

) 

) 

1 

( 1 ■ 
( 


I ♦ X 
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1 ♦ X 


ou  (5))  c * c ♦ 


1 + jx 


avec  (5i) 


e + 2 


Ib'ur  X ■ 1 


.1  (5S) 


e«il  'T’axinuiTn  : ( 


‘ S 


Irlif  siluaiii-n  est  app«.l»*e  "point  de  transition" 


La  lon«ui-ur  d'ende  de  transition  e.sl 


2’Jct  — - 


* 2 


c esL  la  vitessr  de  la  lumierc 


d inh  le  vide. 

t'n  pout  encere  ecrire 


(58) 


(59) 


(t,  - - 


1 > ( )‘ 


II  est  clair  qu'a  partir  des  formules  (52),  (53)  ct  (54)  on  pout  calcuier  les  quantites  c 
t'l  e"  a toutes  les  f rcquenccs  a condition  do  C(>nnaIlro  ct  T ou  la  pulsation  de  transition. 

Nous  <ippl  i qucrons  cos  formules  a I’cau.  11  est  tout  d’abord  necessairc  d oXxiTninor  I effct 
des  ions  et  de  connaTtre  la  conductivito  ionique  n’  puisquo  la  conductivitd  totale  ost  fournie  par 
(44)  or  (45) . 

I.A  COMPOS  IT  lOS  lONIQfK  DK  I.'KAtl  f)E  MER  (f>) 

La  conductivite  ionique  de  I’eau  des  mors  fait  partie,  cotnme  nous  I'avons  deja  dit,  de  1 en- 
semble des  proprietes  physiques  et  physico-chimiques  qui  la  dif ferencient  de  I'eau  douce. 

Ces  proprietes  sent  attribuabics  a environ  II  constituants  chimiques  qui  representent  plus 
de  99,9  Z dc  la  matiere  dissoute  dans  l*eau  et  que  I 'on  retrouve,  a tres  peu  pres  dans  les  memes  pro- 
portions, en  tout  point  des  oceans,  quelles  que  soient  le  lieu,  la  temperature  et  la  pression,  a con- 
dition de  s'elnisner  suf f i samment  des  estuaires  fluviaux,  des  sources  sous-marines  et  des  banquises. 


Cette  matiere  comprend 


(Voir  tableau  1) 


Les  anions  Cl  , SO,  , HCO-  , Br  et  F 
^ 3 

•f  ++ 

Les  cations  Na  , Mg  , Ca  , K et  Sr 

et  non  dissocie  H^BO^ 

La  dissociation  des  sels  etant  presque  totale,  I'eau  de  mer  est  un  "electrolyte  fort"  coinne 
les  solutions  acqueuses  d'acides  ou  de  bases  fortes.  (II  existe  cependant  des  associations  ioniques 
des  polyvalents) . 

A partir  de  cette  composition  ionique,  il  n'est  pas  possible  de  dire  quelle  est  la  composi- 
tion du  melange  des  sels  qui  sont  ef feet ivement  dissous.  Cependant,  si  I'on  deshydrate  de  I'eau  de  mer, 
on  retrouve  un  melange  de  sels  dont  les  deux  principaux  sont  : le  chlorure  de  sodium  Na  Cl  et  le  chlo- 
rure  de  magnesium  Mg  Cl^* 

La  concentration  totale  des  sels  est  appelee  "Salinite".  Elle  est  definie  corame  etant  le 
poids,  en  gramme,  de  la  matiere  inorganique  dissoute  dans  I’eau  de  mer  (apres  que  tous  les  broraures 
et  les  iodures  ont  ete  remplaces  par  un  apport  equivalent  de  chlorures  et  que  les  carbonates  ont  ete 
convercis  en  oxydes) . La  "concentration  totale  en  chlorures"  on  "chlorinite"  peut  etre  definie  et 
servir  a caracteriser  la  quantite  de  sels  dissous  au  mime  titre  que  la  salinate. 


Tableau  I 

Composition  de  I'eau  de  mer.  Concentration  partielle  des  constituants 
d'une  eau  de  mer  ayant  une  chlorinite  de  19  o/oo 
(d’apres  A.  Richards) 


g/kg 

rapport  a la 

Chlore  Cl 

18,890 

0,99894 

Sodium  Na* 

10,560 

0,5556 

Magnesium  Mg** 

1 ,273 

0,06695 

Sulfate  SO, 
4 

2,699 

0,1394 

♦ ♦ 

Calcium  Ca 

0,4104 

0,02106 

Potassium  K* 

0,380 

0,02000 

Carbone  (comme  HCO^  ou  CO^  ) 
Brome  Br 

28.10"^ 

65,9.10'^ 

0,00735 

0,00340 

Strontium  Sr 

8,1 .10'^ 

0,0004 

Bore,  comme 

1 

o 

0,00137 

S i 1 i c i um , c omme  silicates 

0,01-4,5 • 10"^ 

Fluor  F 

1 ,4. lO'^ 

0,00007 

Azote  dans  NO^ 

0,01-0,80 . 10"3 

Aluminium  Al*^ 

0,5. lO"’ 

Rubidium  Rb* 

0,2. lO'^ 

Lithium  Li* 

0, 1 . lO'^ 

Phosphore  dans  PO^  ^ 0,001-0,1 

Traces  d'elemcnts  presents  en  concentrations  comprises  entre  1 a 50  pg/kg  ' 

barium,  iode,  arsenic,  fer,  manganese,  cuivre,  zinc,  plomb,  s®le,nium,  cesium,  uranium. 

Traces  d'elcments  presents  en  concentrations  inferieures  a 1 ug/kg  : molybdene,  thorium, 
cerium,  argent,  vanadium,  lanthane,  yttrium,  nickel,  scandium,  cobalt,  cadmium,  mercure, 
or,  etain,  chrome,  radium. 

La  salinite  est  une  variable  caracteristique  d'une  certainc  eau.  Fn  plein  ocean,  les  valeurs 
restent  comprises  entre  32  et  37  o/oo.  En  Mer  Rouge  et  dans  le  golfe  Persique,  ou  I 'evapora- 
tion est  tres  intense,  elles  peuvent  depasser  40  o/oo.  La  moyenne  generale  est  de  35  o/oo. 

La  concentration  moyenne  en  chlorures  est  de  19  o/oo. 


T 
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8.  U\  CONDUCT IV ITK  lONIQUE  DK  l.'KAU  DOUCK  KT  DK  L’KAU  DE  MEK  {s] 

8.1.  Le  mecanisme  <iu  passage  du  couratu  dans  I ' e lect rolyte  (b)  : 

L'eau  de  mer  est  un  electrolyte.  Sa  structure  coinine  celle  de  tous  K*s  elei  trolytfS  se  r.ip- 

proche  beaucoup  de  celle  d*un  plasma.  Cependant,  la  dissociation  dans  un  electrolyte  ne  tail  app.iraT- 

tre  que  des  ions^a  1 'exclusion  des  electrons.  Ces  ions  sont  lourds  et  lents.  Le  plus  leger  d'entre 

eux,  le  proton  H , est  encore  I 830  fois  plus  inerte  que  I'electron.  II  ne  porte  que  la  charge  ♦ e 

egale  en  valeur  absolue  a celle  de  I'electron  - e. 

Chaque  ion  d'un  meme  type  presente  une  masse  m et  porte  une  charge  q,  qui  est  un  multiple 
entier  positif  ou  negatif  de  la  charge  elementaire  - e de  I’electron  : 

(60)  q = z e 

z s'appelle  "electrovalence" 

^ _Le  faraday  est  la  charge  electrique  transportee  par  une  mole  d’ions  monovalents,  tels  que 

Na  ou  cl  par  exemple. 


(61)  F = N,e  = (96  491,2  t 1,1)  C/mole 

A 

(La  mole  est  la  quantite  d'un  corps  qui  contient  entires  e lementai res , c 'est-a-di re  autant  de  ces 
entires  qu'il  y a d'atomes  dans  0,012  kg  de  carbone  12.). 

Si  I'ion  est  bi,  tri  ou  z-valent,  la  charge  transportee  par  une  mole  d'ions  est  z F. 

La  solution  etant  electriquement  neutre  dans  son  ensemble,  la  sonnne  des  concentrations  des 
ions  positifs  est  egale  a la  somme  des  concentrations  des  ions  negatifs. 

On  appclle  "Molarite"  de  I'ion  B le  quotient  c du  nombre  de  moles  de  cet  ion  par  le  volume 

D 

du  melange.  Par  unite  de  volume,  il  y a done  N c^  ions  du  tvpe  B qui  portent  la  charge 

An  ' Ann 

On  a,  pour  un  melange  neutre  dans  son  ensemble,  ^ ~ ^ tHant  etendue  a tous  les 

types  d ' ions) . 

Les  ions,  qui  ont  a peu  pres  la  meme  taille  que  les  molecules  d'eau,  participent  a I'agita- 
tion  thermique  desordonnee,  dont  il  ne  resulte  aucun  courant  a I'echelle  macroscopique.  Mais,  s'il 
existe  dans  1 'electrolyte  un  raouvement  stat i st iquement  ordonne  des  charges  il  peut  en  resulter  un  cou- 
rant dont  la  densite  s'ecrit  : 


(62) 


J = NO  I 


'b^b  '■B 


En  presence  du  champ  electrique  E qui  penetre  1 'e lec t rol yte , on  admet  quo  chaque  ion  est  sou- 
mis  a la  force  q^  . E.  (Il  n'est  pas  necessaire  de  faire  intervenir  la  polarisation  et  le  champ  effec- 
tif,  puisque  les  relations  entre  ce^  vecteurs  sont  lineaires).  Chaque  ion  est  d'autre  part  soumis  a une 
force  visqueuse  ou  de  frottement  mZV,  ou  Z a les  dimensions  d'une  frequence  et  peut  etre  appele  frequence 
de  collision  de  I'ion. 


D'autre  part,  le  coefficient  de  frottement  mZ  est  donne  par  la  loi  de  Stokes 
(63)  mZ  = 6nria 

n designant  le  coefficient  de  viscosite  de  l'eau  et  a le  rayon  de  I'ion. 

En  definitive,  I'equation  des  forces  appliquees  a I'ion  B est  (en  supprimant  dans  I'ecriture 
1 ' indice  B)  : 


m4  V = q K 


(f.4)  n.  ^ 

En  regime  continu  on  peut  admettre 


(63) 


= -I  Ft 

mZ 


La  quantite  u = ^ s'appelle  "mohilite' 


de  1 ' i on . 


On  .1  done  pour  cet  it 


ou  bien 
ou  0 ' est 


(66)  J “ N^e  c|z 

(fi7)  J - o'  E 

la  "conduc t i vi te  specifique"  due  a 
Cette  relation  est  I'expression  do 


u E 


la  presence  de  I'ion  B. 
la  loi  d'Ohm. 


)-4~ 


I 


On  appelle  '’concentration  equivalence"  C le  produit  de  la  raolarite  c par  la  valeur  absolue  do 
1 'tUoctrovalence  7. 

(68)  C = c]z| 

Pour  un  sel  dissous,  la  concent  rat i on  C est  le  produit  du  (nombre  de  moles  par  unite  dc  vo- 
lume) par  (la  sommo  des  valences  rompues) . Ainsi,  pour  Na 

C = c . ] 

D'ou  (69)  o'  = e C u 

On  pent  definir  1 a "conduc t iv i te  molaire"  par  : 

(70)  A = — = N.elzlu 

me  A ' 

et  la  "conduc t i vi te  equivalente"  A par  : 

(71)  A = ^ - N e u 

C A 

Pour  le  melange  d'ions  d'un  scl  dissous,  on  a bien  entendu 

(72)  A = N t'  V u 

A '' 

II  resulte  de  (71)  que,  pour  chaque  scl,  A ne  devrait  dependre  que  de  la  temperature  et  non 
de  la  concentration.  Ainsi,  a temperature  fixe,  o'  serai t proportionnel  a C. 

8.2.  Methodes  de  mesure  et  resultats  experimentaux  : 

Pour  raesurer  la  conductivite  d'un  electrolyte  liquide  quelconque,  on  peut  utiliser  un  vase 

dont  la  forme  est  representee  sur  la  figure  3 possedant  une  partic  cylindrique  de  section  s,  ou  le 

champ  electrique  peut  etre  considere  comme  uniforme  et  parallele  aux  gt*neratrices  du  cylindre. 

La  quantite  d 'electricite  qui  traverse  par  seconde  I 'unite  de  surface  MM'  est  : 

(73)  i = i = o'  E 

s 

On  met  alors  en  oeuvre  les  mernes  methodes  de  mesure  que  pour  les  conducteurs  ordinaircs. 

Pour  eviter  le  phenomene  de  polarisation  dcs  electrodes,  on  emploie  dans  les  mesures  au  pent  de 
UTieatstone  un  courant  altcrnatif.  On  peut  etalonner  Ic  tube  a electrolyte  en  mesurant  sa  resistance 
lorsqu'il  est  rempli  par  une  solution  de  conductivite  connue. 

Kxper imentalement , on  constate  bien  que  la  conductivite  des  electrolytes  augmente  avec  la 
temperature.  La  variation  relative  est  assez  considerable  et  de  I'ordrc  de  1/40  par  deqre  Celsius. 
Cette  augmentation  relative  est  voisine  de  cclle  de  1 /n  et  liee  a la  diminution  relative  dvi  coeffi- 
cient de  frottement  interne  de  I'eau  (63). 

On  constate  de  plus,  que  Ki  conductivite  equivalente  A diminue  quand  la  cmicent rat  ion  C 
augmente  et  tant  qiie  C ne  depasso  pas  beaucoup  10,  la  variation  suit,  pour  les  electrolytes  forts, 
la  loi  de  KOHLRAl’SCH  (1900)  : 

(74)  A = A - b /T 

o 

Les  deux  constantes  de  cette  loi  exper imentale  sont  propres  a chaque  sel.  A est  une  conduc- 
tivitc  limite  qui  caractcrise  une  concent  rat  ion  infiniment  petite. 

Le  tableau  II,  ci-dessous,  indique  quelqucs  valours  numeriques  en  mho/m  des  conduct i v i tes 
equivalentes  multipliees  par  10^  de  deux  solutions  aqueuses  a IB^C,  d’apres  H.  FALKKNHAGKN 

Tableau  II 


rr" 



lo"'  1 in"' 

S 10"' 

I 

5 

i 

10  30 

100 

300 

^ J 

1 

1000  1 

Na  C^ 

10,899 

10,810 

10,718 

1 

10,649 

10,378 

1 

10,193  ' 9,371 

1 

9,202 

- - - 

8,094 

1 

7,433  1 
1 

1 1 ,088 

10,943 

10,768 

in,63s 

10,130 

^ 1 

9,814  I 8>H48 

8,342 

6,987 

1 

i 

! 

La  conductivite  ’ ' * AC  n'est  done  qu'assez  grossierement  proport i(>nnel !c  a la  concentrat ion. 
Noter  que  pour  I'eau  do  mer  la  concentration  glohalo  equivalente  est  voisine  do  600. 


8.3.  La  conductivite  ionique  de  I'eau  pure 


Meme  pacfai Cement  propre,  bidistillee  et  privee  de  gaz,  I'eau  possede  uje  conduct ibi 1 i te 
residuelle  qui  revele  une  tr^s  faible  dissociation.  Les  concentrations  des  ions  H et  OH  sont  Celles 
que  I 'on  ait  a 18®C  et  par  m : 


(75)  ' ^2  ^ 

Comme  le  oH  est  defini  par  I'expression  pH  = - iogjQ  Cj/1000,  le  pH  de  I'eau  pure  a !8“C 

est  7,1  environ.  (Pour  I'eau  de  mer,  le  pH  varie  entre  8,0  et  8,2  a la  surface  et  decroTt  jusqu'a 
7,7  en  profondeur,  ce  qui  signifie  une  legere  alcalinite). 

Pour  un  pH  de  7,1,  on  obtient  o'  = 3,8  10  ^ mho/m 

et  pour  un  pH  de  8,  on  obtient  o'  = 1,1  10  ^ mho/m 

L'eau  douce  des  lacs  et  des  rivieres  qui  n’est  pas  pure,  presente  une  conductivite  de 
(i  a 5)  . 10“^  mho/metre.  C'est  un  conducteur  mediocre. 


8.4.  La  conductivite  ionique  de  I'eau  de  mer 

C’est  celle  de  I'eau  pure  a laquelle  s'ajoute  celle  produite  par  les  sels  dissous,  de  beau- 
coup  principale. 

Le  probleme  est  en  principe  resolu  par  la  formule  (66).  Mais,  il  faut  determiner  les  mobi- 
lites  qui  varient  elles-memes  avec  les  concentrations.  On  peut,  bien  entendu,  determiner  la  somme 
des  mobilites  (u.  + u^)  d'une  paire  d'ions  d'un  sel  unique  dissous,  en  mesurant  la  conductivite  equi- 
valence et,  par  d’autres  methodes,  le  rapport  u 
memes.gOn  trouve  des  valours  petites,  par  exemp 
33  10  m/s  et  par  V/m.  Les  ions  se  deplacent  done  lentement. 

On  peut  egalement,  additionner  les  conduct ivi tds  pr  /enant  de  chaque  sel  on  admettant  une 
certaine  composition  on  sels. 

II  a paru  interessant  do  preciser  davantage  lo  mecanismo  du  passage  du  courant  et  d’expli- 
quer  le  fait  que  la  conductivite  dquivalonte  d'un  electrolyte  fort  dirainue  qu.ind  la  concent  rat  ion 
augmente.  De  la  theorie  des  anomalies  des  electrolytes  de  Debye  et  Huckel,  il  resulto  que  le  mtiuve- 
ment  d'un  ion  particulier,  a travers  Jos  particulos  chargees  ou  non  du  milieu,  est  ralenti  par  le  mou- 
vemont  en  sens  inverse  du  nuage  d'ions  de  I'autre  signo,  qui  I'ontourent.  Cette  resistance  particuliere 
a ete  appelee  "clectrophoroso".  A ce  premier  effet  s'on  ajoute  un  second,  en  regime  alternatif,  qui  est 
du  au  retard  que  prend  lo  nuage  d'ions  qui  se  trouve  centre  en  arriere  de  I'ion  particulier  considore. 

Ainsi,  la  conductivite  A est  modifiee.  On  a finalement  : 


le  dans 


+ u,).  On  determine  ainsi  les  mobilit^s  eiles- 
s l*oau  a 18"C  la  mobilite  de  I'ion  H est 


(76)  A = - (N^^q^x/3Tin)  - ( f ’ q^A^X  / I 2nekT) 

i 

2 2 

2 Nq 

f'  est  un  facCeur  numerique,  qui  depend  des  qn/tin  du  ou  des  sols  en  cause,  et  x “ ( I ^ ®st  la 

B b E kT 

constante  de  Boltzmann  et  T la  temperature  absoluo.  ^ 

La  formule  ci-dossus  montre  quo  les  deux  termes  correctifs  sont  proportionnels  a x done  a 
* C,  ce  qui  expliquc  la  loi  experimenta le  de  Kohlrauscb 


(74)  A = - b y'~C 

Si  on  calcuie  Ics  termes  correctifs  de  la  formule  pour  le  chlorure  de  sodium  a la  concentra- 

3 -2  "9  . 

tion  C » 1 (une  mole  par  m ) et  a 17®C  on  prenant  n » 1,09  10  et  l/\  * 9,66  . 10  m,  le  premier  terme 

vaut  0,155  mho/m  et  le  second  0,078  mho/m.  D'ou  finalement,  une  conductivite  equivalence  calculee  do 

10,666  X 10  ^ alors  quo  la  conductivite  oquivalente  mesurde  est  de  : 10,649  x 10  L'accord  est  tres 

bon,  aux  erreurs  de  mesure  pros. 

L'dquation  (75)  est  parfaitemont  valablo  jusqa'a  C " 10  rt  nemo  au-dcla,  a condition  d ajou- 
tiT  d«*s  termes  corroi-tifs  en  l"g  (•  ft  0 log  C. 


Dans  un  champ  alternatif,  la  conductivite  equivalence  limite  et  le  premier  terme  correc- 
tif  ne  sont  pas  affectes  ; raais,  le  second  terme  correctif  qui  depend  du  temps  de  relaxation  diminue 
quand  la  frequence  augmente  parce  que  la  dissymetrie  du  nuage  d'ions  n'a  plus  le  temps  de  s'etablir. 

A augmente  done  un  peu  avec  la  frequence  et  pour  une  frequence  suf f isarament  elevee  il  ne  subsiste 
plus  dans  (22)  que  la  correction  d'clectrophorese. 

A la  concentration  equivalence  totale  de  I'eau  de  mer  C “ 620  (moles/m^)  le  temps  de  rela- 
xation d*un  sel  du  type  NaCi  serait  a 17®C 

(77)  X = 1,08  10  seconde 

Mais  dans  ces  conditions  de  concentration,  et  aux  frequences  superieures  a 1/t,  la  variation 
de  conductivite  ionique  est  completement  masquee  par  la  conductivite  dipolaire. 

Done,  en  resume,  tout  paraTt  se  passer  comme  si,  aux  frequences  radio,  la  conductivite  io- 
nique de  I'eau  de  mer  ne  dependait  pas  de  la  frequence  ; mais,  dependait  seulemcnt  de  la  concentration 
et  de  la  temperature.  Ceci  etant,  on  peut  en  revenir  aux  resultats  experimentaux  tels  que  ceux  qui  ont 
ete  presences  au  tableau  II. 

On  utilise  couramment  la  mesure  directe  globale  qui  a largement  remplace  les  precedes  de  ti- 
tration sur  la  pluparr  des  navires  oceanographiques  et  dans  les  laboratoires. 

Des  relations  empiriques  entre  la  temperature,  la  salinite  (la  concentration  totale  en 
chlorures)  et  la  conductivite  ont  ete  presentees  par  differents  auteurs. 

Weyl  (1964)  a rassemble  ces  donnees  par  la  relation  suivante  (2)  : 


(78) 


log  o'  = - 0,42373  + 0,892  log  C8.  (o/oo) 


10  ^ T 


10  T 88,3  ♦ 0,55  T ♦ 0,0107  i'  - Ci  (o/oo) 


(0,145  - 0,002  I + 0,0002  i 


o'  est  la  conductivite  en  mho/m 

T = 25  - t,  t est  la  temperature  Celsius.  La  relation  est  valide  pour  les  salinites 
(chlorinites)  de  17  a 20  o/oo  et  les  temperatures  de  0 a 25®C,  a la  pression  de  1 atm. 

Les  valeurs  de  o’  que  I’on  rencontre  pour  I'eau  de  mer  sont  de  I'ordre  de  3 a 5 mho/m. 

L'KAU  LIQUIDE  EN  REGIME  HARMONigHE  (5 

9.1.  Les  methodes  experimentales  de  mesure  des  caracteri st iques  e.m.  de  I'eau 

Nous  pouvons  signaler  1’ importance  de  I'emploi  du  condensateur  plan  et  du  voltametre  dans 
un  pent  dc  Wlieatstone.  Ces  dispositifs  experimentaux  sont  clairement  utilisables  en  regime  statique 
et  aux  tres  basses  frequences.  Par  centre,  aux  frequences  elevees  lorsque  par  exemple  I'ecart  entre 
les  armatures  du  condensateur  n’est  plus  tres  petit  devant  la  longueur  d’onde  d.ans  le  milieu  etudie, 

I ' apparei 1 lage  n'est  plus  utilisable  dans  les  memes  conditions. 

On  utilise  alors  des  lignes  bifilaires  (ligne  de  Lecher),  des  coaxi.iux  ou  des  guides  d'on- 
de,  qu'on  fait  plonger  partiel lement  dans  I'eau  ou  qu’on  remplit  part iel lement  d'eau.  On  observe 
alors,  par  1 ’ intermed iai re  d'une  onde  stat ionnai re , la  longueur  d’onde  dans  I'eau  et  le  coefficient 
d 'af  f a ibl is semen t . 

La  ligne  de  Lecher  (figure  4)  est  une  ligne  bifilaire  verticale,  exciteo  dans  I'air  par  une 
boucle,  a la  frequence  f.  On  place  dans  I'air,  en  D,  un  appareil  de  mesure  de  tension  alternative. 

La  ligne  plonge  dans  I'eau.  L'energie  e.m.  progresse  vers  le  has  en  une  «>nde  progressive  qtii  est  par- 
tiellement  reflechie  sur  la  discont inui te  d'impedance  a I'interface.  Done,  si  on  place  D vercicalc- 
ment,  on  constate  des  ondes  stationnaires.  On  peut  placer  1)  un  peu  au-<lessus  de  I'interface  , a un 
nueud  de  tension.  L’onde  progressive  franchit  cependant  la  surface  et  progresse  sur  la  ligne  dans 
I'eau  , oil  ellc  se  perd  si  la  ligne  est  suf  f i sanmient  longue,  qu’ello  suit  ouverte  ou  fermee  sur  un 
court-circuit  C.  Si  on  rapproche  le  court-circuit  C de  la  surface  B,  en  laissant  imnn^bilc  le  detec- 
teur  D,  on  pout  construirc  par  points  le  graphique  2 (h).  car  I’onde  reflechie  sur  le  court -c i rcui t 
cree  une  nouvelle  onde  s tat ionna i re , amo^tie  dans  I'eau.  On  mesure  ainsi  la  longueur  d'onde  sur  la 
ligne  dans  I'eau  X2  et  I ' at tenuat ion  e ' sur  la  ligne.  On  en  deduit,  d'apres  la  theorie  des  lignes, 

I impedance  d'onde  dans  I'eau  qui  est  directement  liee  a la  permittivite  complexe. 


I 
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B 
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Fig.  4 (a)  : Lignt'  dt*  I. ocher 


Fig.  4 (b)  : Graphique  do  mosuro 


Aux  longueurs  d'ondo  doc imet r iquos  ot\  pout  utilisor  dos  cavitos  rosonnantos. 
Dans  une  cavito,  los  champs  doivenl  satisfairo  I'oquation  d'ondo 

(79)  (A  + k')  I!  = 0 avoc  (80)  = u c e u)*^ 

o o r 


oC  satisfairo  aux  conditions  aux  limitos  sur  los  parois.  Si  la  cavitt*  ost  entioroment  remplie  d'un 
liquido  do  conductivite  nulle  ot  do  pormittivito  rtk'llo  c , la  constanto  do  propagation  tnant  donnoe, 

■ • ' • • • I ^ 

la  t foquonco  do  roson.inco  ost  ilivisoo  par , Pour  rotrouver  la  memo  froquonco  do  resonance  qu'avant 

I-  c ^ I 

lo  romplissago*  il  faudraii  reduiro  los  dimensions  do  la  cavito  d.ins  le  rappc»rt  — . Co  faisant,  on 

» c 

augmentorait  les  pertos  par  offot  Joule  dans  los  parois.  F.n  etfot,  cos  pertes  sont  **propor  t ionnol  los 
a o/i,  (,i  otant  la  conductivite  et  2 une  dimension  do  la  cavito).  Ainsi,  la  surtension  serait  reduitc 

dans  lo  rapport  . Fn  outre,  si  lo  liquido  avail  une  conductivite  non  nulle,  la  surtension  serait 

* r 

r 

diminueo  encore  et  la  nouvolle  surtension  aurait  pour  valour  apprt'ximat ivo  : 


4 


Prat iquemont , on  choisit  une  cavito  do  tort  coefficient  do  surtension  Q . On  y introduit  un 
echantillon  do  I'eau  a observer.  On  mosuro  alors  un  dorlacomont  do  la  frequence  do  resonance  do  la  ca- 
vito ot  une  diminution  du  coefficient  do  surtension  ce  qui  permot  do  calculer  la  partio  reolle  et  la 
partio  im.igin.iire  do  la  pormittivito  ci’mploxo  do  I ’ochant  i I Ion.  l.'dchant  i 1 Ion  doit  etre  suf  f i samment 
petit  pour  quo  los  deux  effets  soient  bien  decv^uples  et  permettent  deux  mesures  i ndependant es . 


Fig.  : Cavite  rosonnante  cylindrique 
on  mode  TMq|q  ^ivec  un  tube 

ochant i 1 Ion  axial. 


On  pout  utilisor  par  exemple  le  mode  du  cylindro  circulairo  droit  (figure  'i)  . Dans  co 

mode,  lo  champ  oloclrique  presente  une  symetrio  axiale  el  ost  m.iximum  au  centre  le  long  do  I'axo  do 
la  cavito.  I, a symetrio  cvlindrique  pout  etre  maintenue  on  introduisant  1 ’echant i 1 Ion  dans  un  tube  cy- 
lindrique centre  sur  I'axe,  I, a freciuenci*  tie  resonance  no  depend  (]ue  des  diametros  do  la  cavito  ot  du 
tube  dcVtant  i 1 1 on . File  est  i ndeptuitlant  e de  lour  hautiMir,  aussi  longtemps  quo  le  tube  d *echant  i 1 1 on 
no  depasse  pas  les  parois  do  la  cavit*'. 
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Aux  longueurs  d ondes  cent  imi' t r iques , on  utilise  des  meilu'des  elites  optiques  qui  cotisislent 
a mesurer  le  coefficiiMit  do  ri'flexion  a I.i  surface  du  Mquitle  on  incidence  normale  ou  on  oblique.  On 
utilise  dos  antenni’s  ou  projocteurs  e.m.  do  ilimensions  reduites.  mosuro  Rit  ot  Ri  . On  pout  etalon- 


ner  I ' apparel 1 lage  en  rempla^ant  dans  la  cuve  I'eau  par  du  mercure.  On  mesure  1 'absorption  separement 
par  la  traversee  d'une  lame  d'eau  d'epaisseur  fixe,  l.es  quantites  mesurees  sont  liees  aux  caracteris- 
ciques  e.m.  principales  du  milieu. 

Aux  longueurs  d'onde  submi 1 1 ime tr iques  (hasted,  j.b.)  (2)  on  utilise  une  source  rayonnant  un 
continuum.  La  lumiere  de  la  source  est  dirigee  sur  un  interf eremetre  de  Michelson  a deux  faisceaux. 
L'echantillon  de  matiere  est  place  dans  un  des  bras  de  1 ' interf eromet re . Pour  les  materiaux  tres  absor- 
bants  cotnme  I'eau  on  reraplace  le  miroir  de  I'un  des  bras  par  une  surface  plane  de  l’echantillon.  On 
enregistre  un  int^rferogramme , qui  est  fonction  de  la  difference  des  cherains.  On  deduit  I’indice  de 
refraction  (Reel  n)  et  I'indice  d'extinction  x*  sur  une  large  bande  de  frequences  de  la  transformee 
de  Fourier  de  1 ' interferogramme . 

L' interferometre  developpe  par  le  laboratoire  national  britannique  de  physique  est  repre- 
sent# sur  la  figure  (6).  Le  mouvement  du  miroir  M»  augmente  la  difference  x des  chemins  optiques  de 
- D a + D et  produit  un  signal  ^.^ntemen^  variable  dont  la  partie  variable  est  appelee  interferogramme. 
Si  le  miroir  M,  est  deplace  de  X/8,  ou  X est  la  longueur  d'onde,  la  variation  de  signal  qui  en  resulte 
est  enregistree.  L'enregistrement  est  appele  interferogramme  module  en  phase. 

En  I'absence  de  l'echantillon  W,  1 ' interf erogramrae  de  reference  G (x)  est  enregistre. 

Quand  l'echantillon  est  introduit  un  interf erogramrae  G (x)  est  observe.  C'est  le  produit  de  convolu- 
tion de  la  fonction  reponse  de  l'echantillon  V(x)  et  de  1 ' interf erogramme  de  reference  : 


(82)  G^(x)  » V(x)  « G ^(x) 

9 o4> 

II  resulte  des  proprietes  des  transf ormees  de  Fourier  que  : 

f83)  S^(v)  = R(v)  S ^(v) 

o0 


ou  : (84) 


R (v)  = 


est  le  coefficient  de  reflexion  complexe  de  l'echantillon. 

n^(v)  est  I'indice  de  refraction  complexe  du  liquide,  n^  I'indice  de  refraction  de  la  fenetre  trans- 

parente.  S .(^)  et  S (v)  sont  les  spectres  de  puissance  en  I'absence  et  en  presence  de  l'echantillon, 
respectivement . 


Coupe  schematique  d'un  interferometre 
de  Michelson  utilise  pour  la  mesure  do 
I'indice  de  refraction  complexe  de  I'eau, 
S,  source  ; C,  dccoupeur  mecanique  ; 

R separateur  de 


L^  et  L^t  Icntilles 
faisceaux  ; et  M,,,  miroirs 


F,  tiltre  ; D,  detecteur 
porte-echant i 1 Ion. 


w,  fenetre 
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*^.2.  L ' i‘xp  lo  i tat  i on  des  resultats  experimentaux  tjssocies  aux  equations  de  Debye  (52)  (53)  (54)  ; 

Pour  I'eau  pure  il  existe  un  bon  accord  entre  les  resultats  experimentaux  (voir  figures  7-a 

et  b)  . 

- La  valeiir  est  bien  connue  (Saxton,  Lane,  Hasted,  Ritson,  et  autres  ...) 

Les  travaux  de  Malmberg  et  Margott  [lO)  conduisent  a la  formule  (82),  a la  pression 
^tmospherique  : 

(8S)  = 87,7i.O  - 0,;.008  t + 9,398  x lo'^*  t“  - 1,410  x lO'*’ 

ou  t est  la  temperature  en  *C  entre  0 et  100®.  L'erreur  maximale  est  de  0,005 

ONSAGER  (9],  KIRKWOOD  (7],  PROHLtCH  (s]  et  d'autres  auteurs  ont  largement  ameliore  la  theo- 
rie  iniciale,  en  considerant  en  particulier  I'effet  des  moments  dipolaires  des  molecules  voisines 
sur  la  molecule  consideree. 

- La  valeur  est  plus  discutee.  La  meilleure  estimation  paraTt  etre  c = 5,5 
La  longueur  d*onde  de  transition  est  une  fonction  de  la  temperature. 

On  trouve  par  exemple  : 


1 

i t®c 

0 

20 

40 

' 

' ' (cm)  j 

i,  1 

3,13 

1 .75  t 0,05 

1,05 

Citons  a titre  d'exemple  les  resultats  de  Y.  LEGRf\ND  (5)  calcules  pour  l*eau  pure  a la  tem- 
perature de  I7®C. 

[.'experience  donnant  c^  = 81,5 
, en  adoptant  ~ 5, 5 

et  = 1,8  cm  (i' = 0,yb  10  s.) 

, il  trouve  les  resultats  presentes  dans  le  tableau  III 

Pour  I'eau  de  mcr,  on  no  dispose  malheureusement  pas  d'un  aussi  grand  nombre  d * experiences . 

Les  resultats  sont  neanmoins  nettement  en  favour  de  la  theorie.  On  peut  admettre  que  I'indice  d'ex- 
tincti<,>n  \ et  le  coefficient  il ' absorpt  ion  8 dependent  surtout  de  la  conductivite  ionique  aux  fre- 
quences inferieures  quelquos  Gigahertz.  Voir,  a titre  d'exemple,  les  resultats  presentes  sur  les 
figures  8 (a)  et  (b)  (b) . On  constate,  sur  la  figure  8 (a),  que  les  resultats  ohtenus  pour  les  diffe- 
rentes  concentrations  de  NaC^  sont  exactement  alignes  sur  une  droite  passant  par  I'origine.  Les  re- 
sultats pour  I'eau  de  mer  sont  egalement  alignes,  mais  sur  une  droite  deduite  de  la  droite  NaCt  par 
une  translation.  Ce  jleplacement  est  certainement  du  a la  presence  des  autres  ions.  Le  fait  que  la 
droite  des  echantillons  de  mer  no  passe  pas  par  Torigino  des  coordonnees,  \aisse  penser  qxi'il  existe 
dans  I'eau  de  mer  un  composant  qui  ne  peut  etre  represento  par  une  concentration  en  chlorures  equi- 
valents et  qui  contribue  aux  proprietes  dielect riques  de  cette  eau  (13). 

Cependant,  les  mesures  confirment  bien  que  les  proprietes  dielectr iques  de  I’eau  de  mer  i' 
et  •"  peuvent  etre  r.ittachees  a unc  seule  caracteri  s t i que  : la  salinite. 

Citons  encore,.'!  litre  d’exemple,  les  resultats  de  Y.  I.EGR^XND  calcules  pour  I'eau  de  mer  a la 
temperature  de  I7®C  presentes  dans  le  tableau  IV. 

9.3.  L'eau  liquide  aux  frequences  inferieures  a I 000  GHz 

L'cau  pure  (figure  9)  : 

A toute  frequence  inferieure  a 1 GHz,  f. ' ne  depend  que  de  la  temperature  (.^  17®f,  r'  » 81,5). 

Lorsque  la  frequence  augmentc  de  I ii  I 000  GHz,  c'  diminue  et  tend  vers  5,5.  L’nhsorpt  ii>n  aug- 

mente,  passe  par  un  maximum  vers  17  GHz  puis  diminue. 

L'cau  (le  mer  (figure  10)  : 

A toute  frequence  inferieure  h 1 GHz,  f’  ne  depend  quo  de  la  temperature  et  a presque  la  mome 

valeur  que  pour  I'eau  pure  (a  I7®C,  c'  » 80,5)  ct  o'  vario  tres  peu. 
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e' 


Fig,.  7 (a):c*  povir  I'eavj  purt*  en  fonclion  lie 
la  temperature  a 2,651  GHz 
(NASA  - CR  I960)  f 1 6) 


e 


Fii.  7 ib)  : e"  pour  I'eau  pure  en  fonction  de 
la  temperature  a 2,653  GHz 
(NASA  - CR  I960)  (15] 


* (pur«)'^ 

* (fchuitillcn ) 


F i R . 8 ( .1 ) : 

VaU'iirs  (If  - I relatives  a la  valeur  r'  - 1 
(ie  I'eau  pure  on  function  de  la  salinite  a IS"c 
pour  dos  solutions  de  chlorure  de  S((diuni  ot 
pour  dos  (ictiantillons  d’oau  de  mer , a 2,663  C.Hz 
(NASA  - CR  I960)  flS) 


Fi R.  8 (b)  : 

f"/(f'  - 1)  p(iur  dos  solutions 
do  NaCf  et  dos  t*chant  i 1 1 ons  d'oau 
do  mer  ) I5°r.  a 2,663  CHz 
(NASA  - CR  I960)  [l6) 


TABl-iAU  in 


Permi  1 1 ivi  tf  et  comliu' t i v i t o dipol.iirt*  dt*  I'oau  puro  a I7*C  t*n  toni'ti*'n  dt*  la  f rdqiit*nce  [5] 


TABLEAU  IV 


Krt-qufnco 
f (Hi) 

U)ii(5u»^ur 

:rcTAl<* 

\ 

1 • rmi t 
£ * 

t 1 VI  t 

c" 

('q 

ionique 
0 ' 

.'luctivitrs  (m 
dipoifl i re 

b" 

m 

h 

, b 

•” 

* 

0 

U.51. 

10 

i m 

.-lb 

J. 

0,00 

14,^14 

1 ,•> 

, 

i4l' 

•* 

C,01 

'*.55 

c/. 

0,07 

l-,6l 

iO^ 

cm 

Ht  /j 

-,■>5 

0,06 

i4.ei 

. . lo'^ 

. 

^ ,1 

1 ,01 

5,57 

» . 't 

/i/U 

10, A*, 

li/'' 

' ,, 

Ifl,-  1 

l.V  . L,'" 

1 

' 

U ,Hu 

15,.'. 

'40,10 

■ . l “ 

t 

. M ,f 

S,00 

B J , 12 

68, 12 

. M 

t . i«i 

) mm 

1 , • 

1 

S.'.'f'- 

f>e, 

7 t,l43 

1 / 

f- 

f .Q , 30 

714, 143 

1 1 

*’  » * 

- . ! 

70, 3*- 

75,53 

lu^‘ 

O.i 

y * 

1 »'* 

70,314 

75.55 

C< 

( ■) , M 

0 

(5,P9) 

(70,36) 

(75.65) 

Permi  1 1 ivi  td  et  conduct  ivi  te  do  I 'oaii  do  mpr  a I /"C  en  function  de  la  frequence 
{•  " di'SiRne  la  partie  imasinaire  de  due  a la  palarisationl 


L 
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Lv>rsque  la  frequence  augmente  de  1 a I 000  C,\\z,  e'  et  o"  ont  a peu  pres  la  menie  variation 
que  pour  I'eau  pure.  La  conductivite  totale  a augmente.  La  conductivitc  dipolaire  o"  devient  supe- 
rieure  a la  conductivity  ionique  lorsque  la  frequc'nce  devient  superieure  a 4 GHz. 

9. A.  L’eau  liquide  aux  frequences  superieures  a 1 000  GHz  (figure  12)  : 

Los  equations  de  Debye  a un  seul  temps  de  relaxation  deviennent  insuf f i santes . Leur  apj^lication 
conduit  a supposer  un  certain  etalement  du  temps  de  relaxation. 

K.  CULK  et  R.  COLE  (l3)  ont  propose  de  generaliser  (’equation  de  Debye  en  ecrivant  la  relation  ; 


(8b) 


, I 


(87) 


^ S 


I + (juiT  ) 

o 

ou  a est  un  parametre  empirique  dont  la  valeur  est  comprise  entre  0 et  1.  On  prend  en  general 


ou  a est  un  parametre 
a = 0,02  (lA) . 


Les  resultats  sont  alors  sensiblement  ameliores  et  on  se  rapproche  des  resultats  experimen- 
taux  a 313  et  132  ;.m. 


— 

\ (urn) 

e’ 

i"  i 

3,3 

A,0 

2,33 

152 

3,95 

1 ,57 

' 

117 

A,  09 

I »A3 

1 lOU 

■'*,02 

1.2A  i 

3,80 

1,35  1 

1 

2,79 

1 ,8A 

2.57 
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Tableau  V 


Pe rm i 1 1 i v i t e el ec t r i que  comp  1 exe 
de  I'eau  pure  a 20  ®C  partie 
reelle  et  partie  iuaginaire  aux 
longueurs  d'onde  submi M imetri- 
aues,  d'apres  differents  auteurs 
(111. 


SAXTON  (12)  pour  mieux  decrire  la  variation  de  f.'  et  aux  longueurs  d’ondes  inferieures  au 
mm.,  s’est  appuye  sur  la  theorie  de  FROHLICH,  au  sujet  des  resonances  d 'absorpt ion . On  pent  en  elfet, 
se  poser  la  question  de  savoir  s'il  est  preft'rable  de  considerer  un  ou  plusieurs  temps  do  relaxation 
de  la  molecule  ou  bien  de  considerer  que  le  processus  d’absorption  se  fait  plutot  par  resonance. 


v(GHz)— 


La  ligne  tirelee  indiqur  les  valours  de  c”  calculees  au  moyen  de  I 'equal  ion  de  Debve  a un 
sev»l  temps  de  relaxation.  I.es  petils  eeri’les  ituliquenl  los  valours  de  t ' et  •"  calculees 
avec  un  deuxieme  temps  de  relaxation  : * 0,008  cm 

7,  (),  n prj'sentent  «les  resijlt.its  exper  imenl  aux . 7.  et  i)  pour  • ' »‘t  D pour  (hASTFD, 
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Aux  frequences  superieures  a 1 000  GHz  la  conduct ivite  ionique  est  , elle  aussi,  affectee 
par  I’inertie  mecanique  et  tend  a disparaTtre. 

Le  mouvement  de  I'ion  a,  on  effet,  pour  equation  : 
dV  •* 

(6m)  m ^ mZV  * q K 

En  regime  harmonique  K = ^'o*^^**^*^  ~ 

L'equation  (65)  n’est  pas  admissible  aux  frequences  elevees. 

Mais  V = q F.  m (Z  + jw)  * u F.  (1  + jut) 

, , , . I qm 

avec  le  temps  de  relaxation  t = ~ = — 

^ Z u 

-1  3 

Pour  chaque  ion  on  pout  calculer  ce  temps.  Pour  Na  par  exemple,  on  trouve  1,1  10  seconde 
La  longueur  d'onde  de  transition  est  de  0,2  mm.  Les  dernieres  valours  du  tableau  IV  sent  done  deja 
affectees  par  I'inertie  des  ions. 

10.  I.ES  CARACTERISTIQUF.S  ELECTRIQUES  DE  LA  GLACE  (2)  : 

Les  mecanismes  suivants  lesquels  des  molecules,  des  atomes  ou  des  ions  peuvent  se  mouvoir 
dans  ou  a travers  la  glace  posent  au  scientifique  des  problemes  difficiles.  Malgre  les  progres  des 
techniques  experimentales  modernes  et  lours  resultats,  il  est  encore  tres  difficile  d ' interpreter  et 
de  comprendre  les  aspects  du  mouvement  de  la  molecule  et  du  phenomene  de  relax<*fion  quo  I'on  observe 

10. 1.  La  glace  aux  frequences  inferieures  a I GHz 

La  conductivite  ionique  de  la  glace  d'eau  douce  est  faible.  Les  mesures  sent  difficiles. 
Parmi  les  valours  recemment  mosurees  on  releve  a - J0“  C 

-8 

CJ ' =(),!  * 0,5)  X to  mho/m 

Les  mesures  de  et  de  e (oj) , a differentes  frequences,  procurent  une  information  sur  I’o- 
rientation  deS  dipoles  dans  le  rescau  et  partant  sur  le  temps  de  relaxation  i. 

Les  mesures  de  de  “ 60  a 0®  C montrent  que  fg  augmente  lorsquc  la  temperature  diminue  et 
quo  mesure  perpend  i cu  la  i rement  a I'axe  c du  cri.stal  est  plus  petit  de  10  2 quo  mesure  paralle- 
lement  a 1 ' axe  c . 

A 0®C,  Cg  pour  la  glace  polycristal 1 ine  est  do  !0  Z plus  grand  que  pour  I'eau  liquide. 

DAVIDSON  et  WALLEY  ont  trouve  que  la  valour  de  f.  augmente  avec  la  pression  pour  toutes  les 
varietes  de  glace  polymorphes  a I'exception  do  la  glacc  II  et  de  la  glace  VIII. 

Des  valours  de  Cg,  et  t sont  presentees  dans  le  tableau  VI.  On  constate  quo  la  mobilite 
dipolaire  se  maintient  aux  pressit>ns  elevees. 

Tableau  VI  - Carac ter i st iques  dielectriques  de  la  glace  fpRANKS,  F.]  (2I . 


Glace 

1 (phase) 

Temperature 

(°C) 



Pression 

(kbar) 

i 

T 1 

(pS.)  1 

1 

- 23,4 

6 X 10  ^ 

97,3 

3,1 

1 

168  ' 

1 

- 23.4 

1,6 

~6 

101 

- 

213 

1 

- 30 

6 X 10 

99 

3.2 

- 

11 

- 30 

2.3 

3,66 

3,h6 

* HI 

- 30 

2.3 

117 

J 

2,75 

- 100 

2,3 

- 

3.9A 

- 

V 

- 30 

U4 

4,6 

7,2 

1 VI 

- 30 

a 

193 

3,1 

7*  6 

22 

21 

. 

- 

48 

VII 

22 

21,4 

- 

- 

0,23 

IX 

- 100 

. 

2,3 

3,74 

".j 

; 

- 

P.ippelons  que  les  conditions  de  temperature  et  de  pression  h la  surface  de  la  terre,  ou  au 
voisinage,  sont  tel les,  que  seule  la  premiere  forme  I de  la  glace  s'y  trouve.  C’est  la  technologie 
des  hautes  prt'ssions  qui  permet  de  produire  on  laboratoire  les  glares  II,  HI,  etc.. 


I.e  tableau  VI  fournit,  a litre  Jocumentai re , des  informations  sur  les  caracterist iqucs  die- 
lectriques  de  ces  glaces. 

Pour  les  glaces  II  et  IX  on  peut  reraarquer,  d'unc  part  que  les  valeurs  de  sont  faibles, 
d'autre  part  que  les  valeurs  de  e sont  egalos  a cellos  de  c , ; ce  qui  signifie  que  * les  dipoles  mo- 
leculaires  sont  geles  ou  bloques  et  ne  peuvent  pas  s'orienter  sous  1 'action  d'un  champ  clectrique 
exterieur.  Ces  glaces  sont,  par  consequent,  largemcnt  transparentes  aux  ondes  e.m..  c"  cst  idontique- 
ment  nul  et  seule  peut  intervenir  la  conductivite  ionique  o'. 

Pour  la  glace  I qui  est  pratiquement  la  seule  interessante,  il  est  possible  d'appliquer  les 
equations  de  Debye  et  de  calculer  les  valeurs  de  e’  et  c"  dans  une  large  bande  de  frequences  et  jus- 
qu'a  1 GHz  environ. 

Cependant,  les  equations  a un  ou  plusieurs  temps  de  relaxation  ne  permettent  pas  de  decrire 
les  donnees  experimentales  recueillies  a 10*^  Hz  (soil  3 cm  de  longueur  d'onde)  d'une  maniere  satis- 


0 2 4 6 8 10 

Pkbar 

Figure  I i : Temps  de  relaxation  a - 23,4®C  pour  les  glaces  I,  III,  V et  VI  en  fonction 
de  la  pression.  Noter  le  comportemcnt  similaire  des  glaces  HI,  V ct  VI  du 
probablcment  a des  structures  similaires  (FRANKS,  F.)  (2I . 

Fn  appliquant  la  theorie  de  KIRKWOOD,  bicn  que  strictement  parlant  elle  ne  soil  pas  appli- 
cable a un  milieu  tel  que  la  glace  et  en  tenant  compte  de  trois  couches  de  molecules  voisines  (au 
total  84),  on  parvient  aux  valeurs  suivantcs  u = 2,h  D pour  la  glacc  I (parametre  de  correlation 
de  KIRKWOOD  g ~ 3). 

10.2.  La  glace  et  la  neige  a 10  GHz  : 

Les  mesures  aux  frequences  superieures  a 10*®  Hz  sont  tres  peu  nombreuses.  Les  tableaux  VII 
et  VI  IT  fournissent  les  valeurs  de  1' indice  de  refraction  a 3,2  cm  pour  la  glace  et  la  neige. 
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Tableau  VII  - Valeurs  de  la  partie  reelle  R^(n)  et  do  la  partie  imaginaire  “ X 

de  1’ indice  de  refraction  complexe  de  la  glace  a differences  densites  . 
pour  differences  temperatures  t®C,  mesurees  a la  longueur  d’onde  X = 3,2  cm  ( I ?) 


1 p 

(g/cm^) 

R (n) 
e 

X ■ lo' 

* a t“C 

0 

- 2 

- 4 

- 6 

- 8 

- 10 

- 12 

- 14 

- .6  1 

0,9Ih 

1,78 

23,0 

Ib.O 

12.0 

10.5 

8,9 

7,7 

7,1 

6 . 6 

1 

6,3  1 

1 

6.1  ! 

! 0.76 

1,65 

14,8 

10,7 

8,7 

6,4 

5,8 

5,4 

4,9 

4.7  1 

4.4 

0.60 

J ,50 

10,3 

7.3 

6,0 

5,2 

4,5 

4,3 

3,9 

3,7 

3,3  1 

3,0 

0,46 

1.38 

6.9 

4,8 

^.I 

3,4 

3.1 

2.8 

2,6 

2.3 

2,5  j 

2,5 

0,38 

1 ,31 

5,2 

3,9 

3,3 

2,6 

2,4 

2,3 

2.2 

2,1 

2,0  j 
1 

1,8 

0,34 

1,27 

1-^  . . ._J 

5,0 

3,7 

3.0 

2,3 

2,1) 

1 ,9 

1 ,8 

1,6 

1 ,4  ' 

L 

1,3  ( 

1 
1 

Sota  : ne  depend  pas  de  la  temperature.  En  effet,  a ces  frequences  elevees 

2 2 . . 

e'  = R (n)  + X ®st  voisin  de  e , qui  ne  depend  pas  de  la  temperature. 

2 * 

Enfin  x”  t!St  petit  devant  (n)  . 


Tableau  VIII  - Valcurs  de  la  partie  reelle  (n)  et  de  la  partie  imaginaire  (n)  = ^ 
de  la  neige  humide  a 0®C,  en  fonction  du  poids  par  unite  de  volume  d'une 
part  et  du  pourcentage  p d^eau  (en  poids)  d'autre  part,  mesurees  a la 
longueur  d’onde  X * 3,2  cm.  [l  7] 


n apparaft  que  la  glace  et  une  ciujche  de  neige  de  memo  donsite  ont  ossont  le I I em«-nt  I 
memo  constante  dielectrique. 
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DISC  I SSION 


H . -I , M I'rccht : Rcferrino  to  lake-water  inpurity  ami  possible  effects  of  lar^e  lakes  upon 
pr  0{iafta  1 1 on  paths.  wouM  present  infornation  he  ailequate  anJ  significant  for  corpunica- 
t i on  - 1 i nk  pi  ann  i ne.  ? 

P / * , !!a  1 1 ee : Cer  t a i nepent  , Jans  la  posure  oO  la  surface  du  lac  intervient  .Ians  la  propa- 
pa  t ion.  ].e^  coefficients  Jc  re’*lexion  par  cxenrle  peuvent  etre  calcules  a partir  de  la 
pern i t t i V i t e 61octrique  II  faut  connaitre  la  tepperature  T et,  pour  au  poins  une 

teriperature , connaitre  la  con  iuc  t i v i t6  ioni(]ue  par  une  pesure  statique  . Pour  les  lacs 
do  pontapne  dont  I’eau  est  pure  et  pour  les  lacs  sales  on  pout  se  rontenter  d ' unc  esti- 
{ nation  do  . I.es  lacs  I'eau  douce  peuvent  recevoir  pendant  et  apres  la  nluie  .les  eaux 

I de  ru  i s s e 1 1 cpcnt  qu  i appertent  tenpora  i renent  une  a’'ondance  stippl  e’-ent  a i re  d'ions  pro- 

venant  ^l'6lenents  nineraux. 
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SUMM  ARY 


The  resistivity  distribution  below  the  earth's  surface  is  of  more  or  less  high  interest  for  many  branches 
of  natural  science  and  engineering  as  well.  In  geoscience  great  efforts  have  been  made  by  geophysicists  to  get 
Quantitative  insight  into  the  geological  structure  of  the  subsurface  by  using  the  electric  resistivity  as  physical 
parameter.  Measuring  techniques  and  interpretation  methods  having  been  developed  since  half  a century  re- 
sulted to  a very  high  standard  to-day.  Analysing  a layered  earth  regarding  its  resistivity  distribution  down  to 
several  hundred  meters  depth  is  no  problem.  This  fact  often  not  well  known  in  neighbour  disciplines  is  demon- 
strated in  this  review  paper  outlining  the  possibilities  and  limitations  of  the  methods  available  nowadays. 

After  a short  introduction  into  the  principle  of  geoelectrical  sounding  practical  results  are  shown  by  case 
histories  from  some  selected  parts  of  the  world.  The  main  conclusion  is  that  low  resistivities  (<  50  ohm.m) 
predominate  at  the  surface  even  in  arid  areas  and  deserts.  The  reason  for  this  surprising  fact  is  the  clayey 
and  saline  component  within  the  top-layers.  It  is  discussed  in  detail  with  respect  to  draw  near  surface  resi- 
stivity map  from  large  areas. 

1.  INTRODUCTION 


Geophysicists  working  within  a geoiogicai  survey  are  often  asked  for  a regional  or  even  world-wide 
map  of  geoelectric  near-surface  resistivities.  The  aim  of  this  paper  is  after  giving  a short  insight  into  the 
modern  techniques  of  .'irect  current  resistivity  sounding  to  outline  the  difficulties  in  preparing  such  general 
maps.  From  selected  case  histories  the  reader  may  study  the  different  situations  and  draw  his  own  conclusions. 

2.  THE  PRINCIPLE  OF  DIRECT  CURRENT  RESISTIVITY  SOUNDING 


To  determine  the  electric  resistivity  f (ohm.m)  of  the  subsoil  WENNER  (1916)  and  C.  and  M. 
SCHLUMBERGER  (1920)  proposed  the  so-called  "four-point"-method.  This  meU.od  was  developed  during  the 
following  decades  to  a nearly  perfect  standard  with  regard  to  instruments,  field  techniques  and  interpretation 
as  well.  Today  there  is  no  limit  in  matching  field  data  recorded  above  any  number  of  underground  layers  quan- 
titatively down  to  any  depth  )*.  Routine  work  is  done  since  nearly  half  a century  to  solve  mainly  hydrogeolo- 
gical problems,  i.e.  geoelectrical  prospecting  on  a more  or  less  horizontally  stratified  underground  down  to  a 
depth  of  several  hundred  meters.  Although  this  paper  is  not  the  right  place  to  explain  the  method  at  least  the 
principle  should  be  shown  because  without  knowing  what  a "sounding  graph"  means  a reader  not  accustomed  to 
the  method  may  not  understand  the  following  case  histories. 

Looking  at  Fig.  1 we  see  the  artificial  electrical  field  built  up  in  a homogeneous  earth  by  introducing  a 
direc*  current  of  intensity  I (Amp.)  via  two  current  electrodes  A and  B.  The  "current  lines"  are  marked  by 
arrows.  Perpendicular  equipotential  lines  cause  a potential  distribution  at  the  earth's  surface  which  depends 
on  the  resistivity  of  the  homogeneous  underground.  From  recording  the  voltage  U (Volt)  between  two  poten- 
tial electrodes  M and  N in  the  center  between  A and  B we  can  calculate  from  Maxwell 's  theory  the  resistivity 
S by 

g = K^  with  K = ^[(L/2)^-(a/2)^]  (i) 

where  L A0  and  a MN.  K is  known  as  the  "geometric  factor". 

The  step  from  the  homogeneous  earth  to  a layered  one  may  be  demonstrated  in  Fig.  2.  This  way  is  as 
simple  as  it  is  important  for  understanding  the  fundamental  physical  process  in  the  underground.  Two  layers 
with  resistivities  and  are  separated  by  a plain  horizontal  interface  at  depth  h.  The  current  flow 

from  A to  B is  marked  by  dotted  lines  in  the  vertical  sections  (on  the  left  side  of  the  figure)  for  different 
values  of  the  depth  h assuming  =oo  (insulator).  Looking  at  the  current  density  j at  the  surface  in  the  center 
of  the  arrangement  (M  and  N are  not  plotted)  we  observe  that  by  decreasing  h the  current  is  "pressed"  against 

)•  f.i.  recently  down  to  the  Upper  Mantle  in  SE-Africa  (AS  1300  km;  see  below) 


a. 


the  surface.  From  Maxwell ’s  equations  we  know  that 


This  is  Ohm ' s Law  in  inf  ini  tesimal  form . general  ly  written  as  E - T*?  > where  ^ is  the  electric  field  vector 

and  j the  vector  of  the  current  density. 

As  is  constant  in  our  case  the  voltage  recorded  at  the  surface  between  the  potential  electrodes 

M and  N is  directly  proportional  to  the  current  density  j between  M and  N "just  below  our  feet".  And  this  is  the 
only  information  we  get  from  the  subsoil ; nothing  elsel 

Looking  at  the  right  hand  side  of  Fig.  2 we  find  the  same  situation  but  concerning  now  the  reality  of 
geology:  The  depth  h is  fixed!  On  the  left  hand  side  L was  fixed  and  h decreased,  enlarging  the  current  density 
j between  M and  N and  proport ional I y the  voltage  L).  On  the  right  hand  side  h is  fixed.  Enlarging  L we  get  the 
same  ratio  ^/h.  And  this  is  the  fundamental  principle  of  electrical  sounding;  Prospecting  a layered  earth 
we  pull  the  deeper  underground  upwards  simply  by  enlarging  the  distance  L of  the  current  electrodes  A and  B. 
KRAJEW  (1952)  mentioned  this  fundamental  fact  in  a short  note  (without  any  figure)  in  his  textbook  (German 
edit.  1957),  (n  anglo-american  textbooks  we  read  that  enlarging  the  current  electrode  spacing  means  "deeper 
penetration"  of  the  current  and  this  is  the  reason  why  during  recording  in  the  field  geologists  always  ask:  "How 
deep  are  you  now?"  - 


Krajew  has  clearly  demonstrated  that  a resistivity  sounding  is  somehow  "zooming"  the  layered  earth 
by  enlarging  AB  L.  Consequences  drawn  from  this  principle  are: 

1)  the  logarithmic  scale,  because  ratios  are  concerned 

2)  the  "smooth"  sounding  graph,  because  "zooming"  is  a steady  process. 


Here  is  a break  because  until  now  there  has  not  been  defined  the  sounding  graph.  Formula  (l)  gives  an  expres- 
sion for  the  resistivity  p of  a homogeneous  earth.  Formula  (2)  shows  that  U is  changing  when  zooming  a 
layered  underground.  Setting  this  U from  (2)  into  ( 1 ) we  wi  1 1 get  an  ascending  branch  of  §»(-^/h).  ^ from 
formula  (l)  is  no  more  a constant  as  it  was  in  the  case  of  a homogeneous  earth.  It  smoothly  ascends  from 
to  ^2.  demonstrated  at  the  bottom  of  Fig,  2.  This  means  that  we  are  using  a wrong  formula  resulting  only 
asyr.iptotically  in  "true"  values  of  g*  at  the  beginning  ( 9^  ) and  at  the  end  ( . In  between  the  graph  calcu- 

lated by  formula  (I)  shows  "apparent"  resistivities  depending  on  the  electrode  configuration  (L.  a)  and  the  soil 
parameters  ( ^/|.  definition  we  get  the  formula  for  the  "apparent"  resistivity  )* 


(3) 

This  definition  wciS  chosen  because  in  the  case  of  a homogeneous  underground  it  results  into  formula  (1). 


Finally  a four  layer-case  is  shown  in  Fig.  3 demonstrating  the  zooming  as  a "push-pull"  process  caused 
by  the  layer  sequence  from  its  true  parameters  J,  and  hj  . An  explanation  in  detail  is  not  necessary.  On  top 
of  this  figure  we  find  the  vertical  section  with  its  influence  on  the  current  density  j between  M and  N.  In  the 
lower  part  of  the  figure  we  see  the  smooth  sounding  graph.  Here  the  L/2-scale  is  (on  top)  taken  as  depth-scale 
simultaneously.  This  is  done  by  convention,  but  the  reader  will  observe  that  the  interfaces  at  2,6  and  26  m are 
not  corresponding  with  the  maximum  and  minimum  in  the  sounding  graph.  To  find  out  sharp  boundaries  between 
the  layers  from  a smooth  graph  is  the  problem  of  the  interpreters.  Some  remarks  on  this  mathematical  problem 
are  given  in  the  next  chapter. 

3.  INTERPRETATION 


The  problem  to  be  solved  is  the  calculation  of  the  "true"  resistivity  distribution  in  a layered  earth  g (z), 
where  z is  the  depth,  from  the  "apparent"  resistivities  $>□  (L/2)  recorded  at  the  earth's  surface.  This  is  done 
by  theoretically  calculated  master  curves  published  either  in  Wenner  arrangement  (a  L/3)  or  in  Schlumberger 

conf  igurat  ion(a-.o),  i.e.  either  Qa or  ■ In  the  fo  I lowing  we  refer  only  to  Schlumberger : MN  - a is 

infinitesimally  small  compared  with  AB  L (a-^  L)  and  introduce  (or  in  some  case  histories). 

Since  1930  nearly  all  theoretical  work  is  based  on  STEFANESCU'S  integral 

oo 

Sa(L/2)  = I ’ ♦ 2(L/2I^/  0(A  h;,?,  )J,,(X-L/2)>-dA  I (4) 

where  is  the  Bessel -funct ion  of  the  1st  order.  The  integral  reduces  to  zero  if  a homogeneous  earth  is  con- 
cerned. The  kernel  function0  is  mathematically  rather  complicated.  It  was  given  only  for  the  3-layer  case  by 
Stefanescu  himself.  A quarter  of  a century  later  a recursion  formula  for  0 was  found  in  1955  for  the  general 
n-layer  case  (n^  3)  and  started  a new  area  in  computing  master  curves  for  interpretation.  A 10-layer  graph 
takes  less  than  30  sec.  today  on  a computer  of  the  hize  of  a type-writer.  The  computer  belongs  in  between  alrea- 
dy to  the  field  equipment;  the  interpretation 

?p  ' / 2 ) -^  §l2) 

is  mathem. -physical  ly  nearly  perfectly  solved.  The  problem  not  yet  solved  is  the  translation 


)'  in  German  literature  we  shall  find  §5  ( "scheinbarer"  Widerstand) 


geology 


(2) 


There  Is,  compared  with  perhaps  gravity  and  seismics,  a wide  scale.  The  variation  of  resistivities  covers 
about  10  powers  (0,1  - 10.000  ohm.m)  thus  being  very  sensitive  against  changes  in  petrography  ....  if  a geo- 
logical concept  exists.  This  problem  seems  to  be  without  interest  to  EM-wave  propagation,  because  the 
question  was  to  get  first  a picture  of  Ohm’s  resistivity  J (DC).  But  from  discussions  the  question  is  extended 
to  AC.  We  must  know  whether  a low  resistivity  is  caused  by  saline  or  clayey  sediments.  What  has  to  be  done 
In  future  cannot  be  decided  by  the  DC-geophysicist.  In  any  case  he  can  provide  neighbour  disciplines  with  in- 
formation using  his  modern  tools.  The  following  chapters  may  be  an  offer  for  interdisciplinary  cooperation. 


4.  CASE  HISTORIES 


To  answer  the  question  after  providing  interested  disciplines  with  maps  of  the  near-surface  resistivity 
distribution  the  following  examples  are  presented,  selected  from  typical  cases  in  different  parts  of  the  world. 
Since  1959  when  the  BGR  was  founded  geoelectric  prospecting  mainly  on  groundwater  was  done  all  over  the 
world.  To  select  typical  examples  just  concerning  AGARD's  problems  was  rather  a hard  job.  The  result  is  pre- 
sented in  a couple  of  figures.  Each  example  states  a special  aspect.  The  author  is  not  sure  whether  these  as- 
pects cover  the  scale  of  questions.  It  may,  however,  be  regarded  as  an  attempt  to  do  something.  - 

As  it  is  Impossible  to  present  a world-map  showing  the  sites  of  these  case  histories  the  reader  may 
look  into  special  maps  available.  A short  description  will  be  given  at  the  beginning  of  each  case.  The  resume 
will  br  ief  I y be  out  I ined  at  the  end. 

4.1.  Kota  Bharu/Kelantan  (Malaysia). 

The  growing  city  of  Kota  Bharu  lies  in  NE-Malaysia  within  the  Delta  of  the  Kelantan  River  close  to  the 
South  China  Sea.  Here  a geoelectrical  survey,  carried  out  in  1974  detected  a deep  freshwater  aquifer  not  known 
before  under  clayey  and  saltwater  bearing  sands  in  the  overburden.  Fig.  4 shows  a vertical  section  along  a pro- 
file near  to  the  coast  of  the  South  China  Sea.  It  is  the  result  fo  an  interpretation  of  the  set  of  sounding  graphs 
given  in  Fig.  5 )*  using  the  geological  concept  from  Fig.  6.  Please  notice  the  wide  scale  from  2 to  1000 
ohm.m  within  the  upper  10  m and  below  generally  a good  conductor  to  be  seen  in  the  curve  minima.  The  true 
resistivities  are  plotted  In  the  vertical  section  in  Fig.  4.  The  ascending  rear  branches  are  caused  by  the  deep 
freshwater  aquifer. 

This  example  demonstrates  the  degree  of  solution  by  modern  geoelectrics  (up  to  seven  layers)  and  re- 
sults in  a top  layer  with  resistivities  between  2 and  1000  ohm.m  underlain  by  a series  consisting  of  saline 
beds  and  cloy  (1-20  ohm.m)  down  to  an  average  depth  of  50  - 70  m.  Our  question:  Which  resistivity  values 
should  be  plotted  in  a resistivity  map?  The  photos  in  Fig.  7 and  8 illustrate  the  situation  at  the  surface. 

4.2.  Gunung  Sewu/Java  (Indonesia). 

In  Central  Java  SE  of  Djokjakarta  a dry  limestone  area  shows  a morphology  having  no  pendant  all  over 
tne  world.  Karst  in  form  of  "sinoids"  up  to  60  m height  cove'’  a large  area.  The  geological  situation  is  shown 
in  Fig.  9 and  the  photo  in  Fig.  10.  The  hills  with  the  sinus-contour  nave  of  course  high  resistivities.  The 
valleys  in  between,  however,  show  low  resistivities  ( < 15  ohm.m)  down  to  a depth  of  10  - 20  m as  may  be 
seen  from  the  sounding  graphs  in  Fig.  11,  Comparing  tneso  curves  with  the  curve  set  from  Kota  Bharu  in 
Fig.  5 we  ask  again;  Which  resistivity  values  should  be  plotted  in  a resistivity  tnap'^  The  photo  in  Fig.  11 
shows  the  field  situation. 

4.3.  Chaco  Boreal  (Paraguay). 

In  1959  a geoelectrical  survey  was  carried  out  In  central  South  America.  The  Gran  Chaco  is  well  known 
from  the  war  between  Bolivia  and  Paraguay  in  1933-35,  the  war  in  the  "green  hell",  i.e.  high  temperatures 
and  no  water.  Looking  at  the  map  in  F|g,  12  you  will  find  in  the  loft  part  of  the  area  of  investigation  the  name 
"Mariscal  Estigarribia" . This  man  won  the  final  battle  against  the  Bolivian  troops.  From  this  place  - a mili- 
tary station  now  - a gooelectric  profile  was  run  via  "km  260"  and  "km  145"  in  eastern  direction  to  Puerto 
Cassado  at  the  Rio  Paraguay.  The  result  is  shown  as  a vortical  section  in  Fig.  13.  Some  typical  sounding 
graphs  are  given  in  Fig.  14.  The  surprising  fact  in  1959  was  the  low  resistivity  of  the  subsoil  decreasing  below 
1 ohm.m  in  a few  meters  depth  in  spite  of  the  difficulty  to  push  a current  electrode  by  hammer  into  the  hard 
ground.  The  resistivities  plotted  in  Fig.  14  reach  low  values  of  0.6  ohm.m.  Comparing  this  with  the  water 
resistivities  in  Fig.  6 wo  are  within  the  range  of  the  ocean  water.  Our  conclusion:  There  is  nearly  no  diffe- 
rence in  resistivity  between  ocean  surface  water  and  the  surface  of  wide  regions  in  central  South  America.  This 
was  a surprising  result  In  1959  because  before  bringing  an  equipment  into  the  Chaco  Boreal  we  were  told  that  we 
would  waste  money,  because  there  would  be  no  chance  to  get  any  current  into  this  hard  underground.  Looking 


)*  The  overlapping  of  the  o-branchcs  and  the  ♦-branches  is  typical  for  the  Schlumberger  arrangement  because 
starting  with  a 1 m the  voltage  U will  reach  a technical  low  limit  making  a change  to  a 10  rr  necersary. 


at  the  photos  in  Fig.  15-17  this  opinion  had  to  be  expected.  And  the  answer  to  our  question  concerning  the  re- 
sistivity map:  Here  we  are  able  to  plot  values  for  a large  region:  ^ 1 ohm.m. 

4.4.  Jordan  Valley  (Jordan). 

In  1963/64  a geoelectrical  survey  was  carried  out  north  of  the  Dead  Sea  (Totes  Meer)  by  measuring  on 
profiles  across  the  val  ley  (see  Fig.  18) . The  level  of  the  Dead  Sea  Is  about  400  m below  m.s.l.  (m.s.l.  - 
main  level  of  the  Mediterranean  Sea).  Fig.  18  shows  the  true  resistivities  on  a horizontal  section.  The  re- 
sistivities are  decreasing  from  the  graben-margins  to  the  river.  The  sounding  graphs  recorded  along  profile  9 
from  Jericho  to  Snuna  are  represented  in  Fig.  19  together  with  two  observation  wells.  These  graphs  clearly 
show  the  sensitivity  of  electrical  measurements.  The  horizontal  section  in  Fig.  18  could  be  used  for  construct- 
ing a resistivity  map  but  only  for  the  region  of  the  valley.  The  photo  in  Fig.  20  shows  the  arid  plain  near  Shuna. 

5.  CONCLUSIONS 


Four  case  histories  were  presented  with  figures  and  photos.  What  was  really  demonstrated?  Drawing  a 
world-wide  near-surface  resistivity  map  cannot  be  done  without  geological  aspects.  Experience  from  geoelec- 
trics show  what  I should  I ike  to  cal  I the  "near-surface  resistivity  paradoxon"  , i.e.  low  resistivities  in  arid 
regions,  high  resistivities  in  humid  regions.  The  latter  fact  could  bo  demonstrated  by  many  case  histories  from 
Northern  Europe.  In  forests  the  near-surface  resistivities  are  normally  higher  than  1000  ohm.m.  A possible 
reason  may  be  found  in  ARCHIE’S  formula  given  in  Fig.  6.  As  a ionic  conductivity  is  concerned  the  electro- 
lytic content  in  the  water  is  an  important  factor  in  the  resistivity  of  the  groundwater.  In  forests  these  electro- 
lytes are  extracted  by  the  trees  causing  high  values  of  ^vv  • In  arid  areas,  however,  is  decreased  because 
the  sunshine  and  the  low  air-humidity  cause  a high  evaporation  and  thus  a concentration  of  the  electrolytic  con- 
tent in  the  small  amount  of  water  infiltrated  into  the  ground.  The  last  photo  in  Fig.  21  shows  the  Iran  highlands: 
4^  20  ohm.m. 
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SUM>URY 

Space,  ground,  and  surface  wave  expressions  are  developed  for  a tour  layer  medium.  The  four  layer 
medium  consists  of  an  upper  laver  of  air  above'  a three  layered  earth.  A horizontal  electric  dipole 
antenna  is  the  source  considered  here.  Boundary  conditions  and  Fourier  transforms  .ire  applied  to  the 
Hertz  vector  potential  wave  equations  in  each  layer  of  the  multilayer  terrain.  Integral  expressions  for 
the  horizontal  and  vertical  components  of  the  Hertz  vector  potential  are  found  for  each  laver.  The 
electric  and  magnetic  fields  are  functions  of  the  media  parameters. 

The  antenna  is  located  in  the  upper  layer  of  the  stratified  earth.  Variations  in  the  media 
parameters  allow  result.s  for  upper  layers  of  w.iter,  ice,  dry  earth,  wet  earth,  or  an  earth  formed  bv 
mixtures  of  different  materials.  Similar  combinations  are  available  lo'r  tiie  lower  two  layers. 

Surface  wave  phenomena  are  observed  for  suitable  combinations  of  layer  parameters.  In  addition  to 
material  variations,  the  frequency  and  layer  depths  can  also  be  considered.  Applications  t('  buried 
rhombic  antennas  and  traveling  wave  antennas  can  be  made  with  the  preceding  results.  Square  loop  antennas 
can  also  be  synthesized.  When  arrays  of  buried  horizontal  antennas  arc  examined,  a frequency  steerable 
antenna  can  be  developed. 

1.  INTRODUCTION 

This  paper  is  a review  of  the  electromagnetic  wave  propagation  from  sources  in  composite  media.  The 
electromagnetic  waves  include  space,  ground,  and  surface  waves.  They  can  he  formulated  with  respect  to 
the  composite  media,  which  is  an  upper  layer  of  air  or  free  space  above  a three  layer  earth.  The 
Cartesian  coordinate  system  appears  in  Figure  1,  where  the  x-y  plane  at  z = 0 is  the  air-ground  interface 
and  the  x-y  planes  at  z * -D^  and  z = interfaces  in  the  layered  gr<nind.  The  space 

wave  is  in  Che  air,  region  (0),  and  the  ground  and  surface  waves  are  on  the  x-y  plane  between  region  (0) 
and  region  (1).  Since  these  radiation  fields  were  derived  for  antennas  in  the  Antarctic  region 
(BIGGS,  A.  W.,  1968),  region  (1)  is  ice  or  dry  soil,  region  (2)  is  sea  w.iter  or  wet  soil,  and  region  (3) 
is  granite  or  dry  soil.  These  media  correspond  to  sea  ice  floating  above  sea  water,  with  a bottom  layer 
of  granite  or  comparat ively  dry  soil.  There  are  transition  regions  between  each  of  these  regions  wliero 
the  conductivities  and  dielectric  constants  blend  from  one  to  the  other  medium.  These  transition  regions 
are  considered  to  be  small  in  the  layered  model,  where  the  changes  are  more  pronounced.  The  sources  in 
region  one  are  horizontal  and  vertical  electric  dipoles.  They  are  assumed  to  be  very  small  in  comparison 
with  the  wavelength  of  the  radiation  fields.  The  current  distribution  is  assumed  to  be  constant  instead 
of  linear  or  sinusoidal.  These  assumptions  allow  application  of  the  results  to  traveling  wave  antennas 
and  other  forms  of  linear  antennas.  The  depth  of  burial,  h,  allows  the  observation  of  these  influences 
to  be  included  in  the  radiation  field  expressions. 

The  propagation  constant  for  region  (0)  is 


k ^ = at^U  t , (1) 

o o o 


where  u»  is  the  radian  frequency, 
is  the  dielectric  constant  of 
is  described  by 


is  the  permeability  of  free  sp.ace  (4^  x 10 
free  space  (1/36  x 10“^  farads  per  meter).  In 


henries  per  meter)  and 
the  ground,  region  (1) 


iu)p  0, 


(2) 


with  similar  forms  for  regions  (2)  and  (3).  The  differences  between  region  (0)  and  the  other  regions  lie 
in  the  dielectric  constant  and  the  conductivity,  fj  and  o respectively.  Wlien  the  medium  is  ice  or  snow 
at  low  frequencies,  the  behavior  of  the  electrical  parameters  follow  the  empirical  forms  from  dielectric 
relaxation  theories  (AUTY,  R.  P.  and  COLE,  R.  H. , 1952).  In  the  form  of  rel.ativc  dielectric  constants 
and  loss  factor,  the  complex  relative  dielectric  constant  e*  is 


■ * * t ' + if*' 

> ‘ )/0  - i.T)  . 

<%■  Q or 


(3) 


where  and  are  the  equilibrium  and  high  frequency  limit  values  and  ' is  the  rel.ix.at  ion  lime.  At 
-0.1®  C,  f , and  i are  91.5,  3.10,  and  2.2  x 10”^,  respectively.  At  -65.8®  (',  they  increase  to  let', 

3.10,  and  4.5  x 10"^,  respectively.  The  variaii<>n  of  t l»e  components  of  the  rel.itive  complex  dielectric 
constant  appears  in  Figure  2 for  ice  at  -0.1®  C. 

The  dielectric  relaxation  piienomena  present  in  ice  at  low  trequencies  is  ,Uso  present  in  water  at 
microwave  f reqjienc  ies.  The  relative  dielectric  constant  .\n<i  l»>ss  f.icit'r  tor  water  appear  in  Figure  3 for 
microwave  f reqiienc les. 


2.  IN'l’KliKAl.  KQr.VnoNS 

Thf  electric  anJ  magnetic  field  intensities  are  expressed  with  the  Hertz  vector  potential  '!  as 

+ * +■ 

E = v(v.n)  + k^n  , (u) 


H = - vxn  . 

n 


with  a time  dependence  (-iujt)  and  the  intrinsic  impedance  n, 


kn  ” uu 


and  the  intrinsic  admittance 


k;  = we  + ia  . (7) 

The  source  appears  in  the  inhomogeneous  wave  equation 

(V^  + k.^n  - -i  ,--r-  . («) 

where  .1  is  the  current  density  vector  for  tiie  dipole  source, 

.1  = a^  Idl  5(x)  fi(y)  + h)  , (9) 

wfiere  >^(x),  '(>'),  and  ‘(z  + h)  are  delta  functions  (PANc^FSKY,  W.  and  PHILLIPS,  N.,  195S).  The  dipole 
moment  is  Idl  and  it  is  oriented  in  tl^e  x-direction  in  region  (1).  The  other  wave  equations  are 
homogeneous  in  the  form 

(V‘  + k,^)l!  , = 0 , (10) 

1 xl 

where  the  source  is  not  included  and 

(v’  + k,^)ii  , = 0 , (in 

I 7. 1 

with  the  z-component  being  necessary  to  satisfy  boundary  conditions.  Similar  expressions  are  present  for 
region  (0)  in  the  form 

+ k “)T  * 0 , {\2) 

o X<' 

(v^  + k ^)i;  = 0 , (H) 

O Zo 

and  replacing  the  subscript  (0)  by  (2)  and  (1)  for  those  in  the  other  regions. 

Boundary  conditions  at  each  interface  have  the  form 

k,^n  ,=  k , (14) 

1 X I 0X0 
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'X  * z • x > z 


for  the  tangenti.il  electric  tield  ,ind 
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for  Che  tangential  magnetic  field.  Similar  forms  are  found  at  the  other  interfaces. 
The  Fourier  transform. 


F(?..n.O  = fff  dxdyj. 


is  applied  to  the  homogeneous  and  inhomogeneous  wave  equations.  The  resulting  expressions  are  transformed 
into  integral  equations  with  t!je  inverse  Fourier  transform. 


n(x.y,^)  - ' 3 ^f[  J,  , 


and  the  integral  equations  are  evaluated  by  use  of  the  boundary  conditions  in  Equations  (14)  to  (17). 
The  electric  field  intensities  obtained  are  (BICCS,  A.  W. , 1968). 


E,,  = -30  k *■  I dl  sin  0 cos  0 cos  -5 
t)  o 


r >,k  M,«,.  -jZ+iip 

M(10 i-"  1?3  ° 

’o''l  ^ "l23  ' 


F,^  = -i  in  k I dl  sin  t f N(h)  — 

' o J V„  + v,Nj2, 


The  depth  functions,  M(h)  nnd  N(h)  ,irc  (WAIT,  J.  R.  , 1967) 


2 2 
■y  jk^  sinh  -tjCD^-h)  ^23  Tj  (D^  - h) 

~2 

Y3k2  sinh  + Y^k^  cosh  YjOj 


Y,  cosh  Y,  (D  -h)  + Y,N,,  sinh  y,  (D  - h) 

N(h)  = i-iA i [ 

Yj  cosh  YjD  + Yj  sinh  fjOj 


and  the  layer  functions  M^23  ^123 
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where  M2  ^ and  N2^^  tire 
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3.  RfVDIATlON  FIELD  EXPRESSIONS 


The  saddle  point  method  is  applied  to  the  evaluation  of  the  integrals  in  Equations  (20)  and  (21)  to 
obtain  the  space  wave  field  expressions  (BIOOS,  A.  W.  and  SWARM,  H.  M. , 1968) 
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where  is  the  index  of  refraction  for  the  first  layer  or  region  (1). 

The  modified  saddle  point  method  is  applied  to  the  same  integrals  to  obtain  the  surface  and  ground 
wave  tield  expressions.  The  surface  wave  is  created  when  the  upper  layer  has  a lower  index  of  refraction 
than  the  composite  index  t't  refraction  of  the  lower  layers.  The  composite  index  of  refraction  for  three 
layers  is 


123 


123 


(30) 


i 

; and  the  effect  of  layer  thickness,  D^,  can  be  observed  in  Equation  (24).  As  D.  increases, 

[ approaclies  unity  and 


”j23  ' (^1^ 


[ 

I 

i 

1 


for  distances  in  excess  of  a quarter  wavelength  of  the  radiated  wave,  measured  in  free  space  or  air. 
Another  impact  of  depth  changes,  indicated  in  Figure  4,  occurs  with  the  case  where  Dj , the  upper  layer 
depth,  is  almost  zero.  Wlien  this  occurs,  tlie  pole  location  is  the  value  of  * satisfying  the  Sommerfeld 
equation. 


'jk  ^ 


(32) 


and  the  pole  is 


(33) 


As  Dj  increases  to  1)^,  the  S(»tnmerfeld  equation  changes  to 


and  the  pole  is 


KM 


( 34) 
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Oscillations  in  phase  and  amplitude  in  are  presented  in  Figures  7 and  ft.  These  occur  when  the 

phase  angle  of  1/2  x^^^  or  varies  from  0®  to  -90®  In  stratified  media  where  the  upper  laver  has  a 
smaller  refractive  index  than  the  lower  layer  (WAIT,  J.  R. , 195fl;  BIGGS.  A.  W.  and  SWARM,  H.  M. , 1965). 

4.  CONCLUSIONS 

The  extension  of  the  above  method  to  vertical  dipoles  is  relatively  simple.  This  permits  super- 
position of  results  from  short  dipoles  to  any  linear  system  of  antennas  as  long  as  any  interaction  effects 
are  considered.  In  a traveling  wave  antenna  or  in  a rhombic  antenna,  the  composite  refractive  index  can 
be  applied  to  the  layered  media  so  that  the  velocity  of  the  slow  wave  on  the  antenna  can  be  calculated. 
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LOSS  FACTOR 


MAGNITUDE  OF  F(p) 


Fig. 7 Phase  of  the  ground  wave  attenuation  runetion  F(  pi  as  a function  of  the  numerical  distance  p 


f ig.X  Magnitude  of  the  ground  wave  attemialion  function  I tpl  as  .1  function  of  the  niinierical  distance  p 
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DISCUSSION 
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the  uj'per  layer  has  a sialler  refractive  index  tiiaii  the  lower  layer,  tiie  virtual  poles 
i-rate  to  the  "ieraiin  sheet  wh.ere  tlicy  fecone  real  as  the  layer  lepth  increases.  As  the 
.lei't’!  continues  to  increase,  they  recross  the  hranch  cut  and  cease  to  exist  as  real 
poles. 

L.B.Felsen:  You  have  stated  th.at  when  th.c  nunfer  of  lax'ers  in  the  rediiiir  is  increased, 
t'.en  t.ie  iiivl'er  of  Uranch.  cuts  in  the  connlex  V-plane  is  lilewisc  increased.  I should 
like  to  point  out  tliat  this  co>anonly  accepted  notion  is  incorrect.  Branch  ioints  and 
hranch  cuts  appear  only  for  seri  - i n f i n i t e layers.  Therefore,  the  --axii-'u"'  nur'''or  of 
■'ranch  joints  and  hranch  cuts  is  four,  n'lcn  the  top  and  hotter  layers  cxtcml  to  infinity 
and  liavc  different  dielectric  constants.  Th.e  proof  appears  in  the  hook  h.l’.rclscn  and 
h'.’larcuvi  tc,  "hadiation  ainl  Scattorinp  of  Knves"  (Trcnticc  Hall,  1'1’xj  , T'V.apter  . 

\ . I', , B i p p s : 1 aprec  with  I, . B . Up  ] s en  ' s i n t erpre  t.a  t i on  of  this  orohler. 
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RESUME 


Pour  apprccier  les  caracteri stiqucs  olectriques  du  sol  ot  pour  detector  des  anomalies 
de  resistivity,  plusicurs  methodes  peuvent  etre  utilisfes  suivant  la  nature  du  terrain  et 
la  profondeur  de  1 ' heterogf nc i tc . Une  de  cos  techniques  consiste  3 fmettre  une  onde 
electromagnet ique  basso  frequence,  3 I'aide  d'une  antenno  dloctrique  ou  d'un  dipole 
magnetique  place  a la  surface  du  sol.  Pans  cet  article,  nous  mettons  en  evidence  les 
rdeents  progres  thdoriques  de  la  mfithodo  de  detection  dipole-dipole  places  au  voisinage 
de  I'interface  air-sol.  En  effet,  en  presence  d'une  anomalie,  I ' interprf tat  ion  des  mosuros 
se  faisait  souvent  3 I'aide  d'un  raodcle  analogiquo.  Compte-tenu  des  difficultfs  roncontrees, 
certains  auteurs  ont  yiahore  des  modclos  numdriques  t r id i mens ionne 1 s permettant  de  rendre 
compto  de  I'influence  d'une  anomalie  de  rdsistivit?  de  forme  quelconque,  placfe  dans  un 
demi-milieu  homogene.  I.a  solution  se  prdsente  sous  la  forme  d'un  systeme  d'fquations 
intcgrales  que  verifie  le  champ  A lect romagnet ique  en  tout  point  du  sol.  En  se  ramenant  3 
un  systeme  matriciel,  une  solution  numeriquo  est  obtonue.  Apres  avoir  expose  les  principes 
de  base,  nous  illustrons  cette  thcorie  sur  quolques  exemples. 


1.  INTRODUCTION 


Les  rcchcrches  sur  les  antennes  suscoptiblos  d'^tablir  des  communications  3 tres 
grande  distance  sur  des  frequences  tres  basses  connaissent  actuellement  un  regain  d'intcret. 
Techn iquement , il  existe  deux  types  de  solutions.  La  premidre  methode  consiste  3 utiliscr 
une  antenno  aerienne  verticale.  En  general,  comme  il  n'est  pas  possible  dc  lui  donner  une 
hauteur  h suffisantc  pour  qu'ellc  puissc  rdsonner  en  quart  d'onde,  on  construit  un  rdseau 
dc  pyloncs  supportant  une  nappe  de  fils  constituant  une  capacity  terminale. 

Le  terrain,  au  dcssus  duquel  est  tendu  cc  rescau,  doit  ctre  tres  conductcur  car  il 
y a dans  cc  cas  reflexion  des  ondcs  et  I'antenne  rayonne  comme  un  element  de  courant 
vertical,  dc  hauteur  2 h.  Pour  cc  type  d'antenne,  I'influence  dc  la  nature  du  sous-sol  pout 
toujours  etre  masquec  en  disposant  3 la  surface  du  sol  un  rescau  de  grillages  metalliqucs 
ct  on  est  ainsi  ramenc',  approx  imat  i vernent , au  cas  d'un  sol  tres  conductcur. 

La  deuxidme  solution,  pour  emettre  des  ondcs  trds  basses  frequences,  consiste  3 
utiliscr  une  longue  antenne  horizontalc.  On  peut  employer  un  fil  posd  sur  la  surface  du 
sol  ou  encore,  enterre  3 faiblc  profondeur.  Dans  cc  cas,  la  structure  du  sous-sol  est  trds 
importante.  Le  terrain  doit  etre  isolant  ct  il  n'est  done  plus  possible  dc  s'affranchir 
par  un  grillage  conductcur,  comme  pour  les  antennes  verticalcs,  dc  I'influence  dc  la 
structure  geologiquc  du  sous-sol  sur  lequcl  est  implante  cc  type  d'antenne.  La  recherche 
d'un  site  favorable  neccssitc  la  misc  en  oeuvre  de  methodes  geophysiques  capablcs  dc  decolor 
des  zones  dc  terrain  conductriccs , susccptiblcs  d'avoir  un  effet  sur  le  rayonnement  3 
longue  distance  dc  I'antenne  horizontalc.  Cc  sent  ccs  methodes  e 1 cct romagnet  iques  dc 
detection  d ' heterogenf’ i tes  situecs  dans  le  sous-sol  quo  nous  allons  etudicr. 

Il  est  evident  quo  ccs  methodes  nc  servent  pas  uniquement  3 choisir  des  sites  d'anten- 
ncs  ma  i s (|u'cllcs  ont  dc  nombreuscs  applications  on  genic  civil.  On  pout  envisager,  par 
cxemplc,  la  recherche  dc  filoiis  dc  mineral  meta  I 1 i ff'res  correspondant  3 des  anomalies 
conduct  r i CCS , ou  la  detection  dc  cavite.s  soutcrraincs  plus  ou  moins  rcmblayecs  ct  qui  sc 
tradiiisent  par  une  resistivity  locale  importante. 


line  des  tcchni(|ues  cl  issiqucs  de  detection  consiste  3 emettre  une  onde  eicctro- 
magneti(|uc  basso  frequence,  3 I'aide  d'une  antenne  eicctriquc  ou  d'un  dipole  magnetique 
place  3 la  surface  du  sol  ct  i mesurer  3 une  cer*ainc  distance  dc  I'emottcur  1 ' af fa i b 1 i sse- 
ment  dc  I'ondc  emisc.  Ges  techniques  sont  bicn  connucs , mais  lour  point  deiicat  reside 
encore  dans  1 ' i n t crpre t at i on  dc  mcsurcs  ohtenues  sur  le  terrain.  Il  faut  generalemcnt 
fa  i re  une  hypothesc  sur  la  structure  du  terrain 
a f r.-i  i b 1 i ssemen  t thf-orique.  La  confrontation  de  cc 
ou  3 confirmer  I'hypothesc  faite.  Four  determiner 
premiere  solution  que  nous  avons  mise  en  oeuvre  a 
t r i d imens i onne 1 , schematise  sur  la  figure  1. 


partir  dc  laquellc  on  calculc  un 
resultat  avee  les  mesures  sort  3 infirmcr 
cct  a f fa i b 1 i ssement  theorique,  une 
consiste  3 utiliscr  un  modMc  analogiquo 
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* Le  milieu  conducteur  est  constituc  d ' unc  solution  d'eau  salfe  dont  la  conductivity 

( varie  entre  0,1  et  3 mho/m  suivant  la  concentration  en  sel.  Cette  solution  est  contenue 

j dans  une  cuve  cylindrique  realisye  en  stratifiy  de  laine  de  verre  de  2,4  m de  diamdtre 

> et  de  1,7  m de  hauteur.  Le  dispositif  ymetteur  se  compose  d'un  gynyrateur  de  courant 

i sinusoidal  il  la  frequence  de  200  kHz.  Ce  modele  nous  a servi  essent  iel  lement  3 obtenir 

des  informations  qualitatives  sur  I'cffet  d ' une  anomalie  ; mais,  on  ne  peut  simuler 
! pratiquement  les  conditions  exactes  do  mesures  sur  le  terrain.  En  effet,  on  aboutit  a 

une  impossibility  a respecter  3 la  fois  les  rapports  de  ryduction  de  gyomytrie  et  de 
fryquence.  On  choisit  bien  souvent  la  reduction  de  gdomytrie,  ce  qui  revient  a supposer, 

J dans  la  plupart  des  cas,  que  I'on  travaille  sur  le  terrain  3 une  frdquence  voisine  de 

. 1/10  Hz.  II  en  rdsulte  que  la  cuve  analogique  doit  etre  considyree  comme  un  modele  en 

courant  continu. 

En  faisant,  malgrd  tout,  abstraction  de  ces  objections,  il  est  difficile  sur  un  tel 
, moddle  de  faire  varier  le  contraste  de  resistivity  entre  le  milieu  encaissant  et  1 'anomalie. 

f Sous  avons  done  cte  amenys  3 raettre  au  point  un  modele  numdrique  t r idimens i onnel  devant 

permettre  une  interprytat ion  quantitative  des  rdsultats.  Sous  allons  dyvelopper  le  principe 
^ de  la  rndthode  en  supposant  que  la  source  d'dmission  est  une  antenne  dlectrique  horizontale 

placde  3 la  surface  du  sol.  P'autres  auteurs  ont  envisagd  le  cas  d'une  excitation  a partir 
I d'une  ligne  source  (Hohmann,  19^1),  d'un  cmettcur  lointain  (Dey  et  al.,  1972)  ou  d'un 

dipole  magnytique  (Stover  et  Wait,  1975  ; Hohmann,  1975).  Sous  signalerons  les  difidrences 
existant  entre  les  modcles  et  notamment  entre  le  modele  d'Hohmann  et  le  notre,  tant  du 
point  de  vue  analytique  que  numdrique. 


2.  ElUDF.  THEORIQUE 

Comme  I'indique  la  figure  2,  le  sol  est  assimile  3 un  demi-milicu  homogenc,  dt. 
conductivity  ol  et  do  permittivity  ei,  renfermant  une  anomalie  de  volume  V,  limitde  par 
une  surface  S.  Soient  az  et  e2  les  parametres  dlectriqucs  de  cette  inhomogdny i td . A 
I'aide  des  dquation;  de  Maxwell,  on  peut  montrer  qu'une  anomalie,  quelque  soit  le 
dispositif  dmettcur  qui  1 'excite,  peut  toujours  etre  rcmplacee  par  une  distribution  de 
dipoles  verticaux  et  horizontaux  (Cauterman,  19"’5  ; Cauterman  et  al.,  juin  19~5  ; 

Hohmann,  1 975)  . 

La  valeur  des  moments  des  dipoles  equivalents  3 une  homogynditc  de  volume  dv  est 
donnde  par  les  dquations  suivantes  : 

Idlcq  = — SI E,  dv  (1)  ' 

IdScq  = — '*2  J'- 


Dans  ces  formules,  E2  et  H^  sont  les  champs  dlectriques  et  magndtiques  existant  a 
I'intdrieur  du  volume  dv. 

Dans  le  cas  particulier  ou  les  milieux  ont  la  mcme  perme..  litc  que  cclle  du  vide, 
ces  dquations  so  simplifiont  et  I'anonalie  peut  etre  uniquement  remplacde  par  des  dipoles 
dlectriques  ayant  la  memo  direction  quo  le  champ  dlectrique  E2 . 

Lour  moment  est  donnd  par  : 

Idleq  = C 12  - "I  )i:2  Jv  (3) 

Nous  supposons  quo  I'emettour,  constituc  par  unc  antenne  dlectrique  horizontale,  est 
situd  sur  la  surface  du  sol.  Comptc-tenu  du  domaine  basso  frdquenco  dans  lequel  nous  nous 
plagons,  les  composantes  du  champ  rayonnd  peuvent  etre  calciildes  dans  1 ' approximat  ion 
^uas  i - s t a t ique . Cette  approximation  revient  a supposer  que  la  distance  horizontale 
cmetteur-  rdcoptour  est  faiblc  vis  3 vis  de  la  longueur  d'ondc  dans  I'air,  soit  : 


>0  r 


< < 


(J1 


Le  champ  dlectrique  en  un  point  quclconqtic  du  sol  est  la  somme  d'un  champ  primairc 
et  I'un  champ  sccondairc  diffracte  par  1 'anomalie.  Les  composantes  du  champ  dans  le  sol 
sont  done  donndes  par  ; 


xfQ)  = 

* xp  fQi 

* Kdx,  ♦ * 

'x.O 

yfQ)  = 

f-yp(Q) 

* Kdv,  * ly,  * 

'V3I 

,fQ)  ' 

i:zp(Q) 

* * I-,  ♦ 

'75! 
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Dans  ces  formules,  E„p,  Eyp  et  Ejp  sent  les  champs  obtenus  dans  un  demi-milieu 
homogene.  Les  termes  Ixp  1x2  ^^3  correspondent  respecti vement  3 la  composante  Ex 

du  champ  produit  par  lei  projections  sur  les  trois  axes  cart^siens  du  dipole  equivalent 
a 1 ' inhomogencitf.  Leurs  expressions  sont  donnees  par  les  relations  suivantes  : 


2 3 f3^\'  ^ 3^N| 


f-2x(m)  (p,  - * 


7 3 P 7 2 3N  1 

2 TT7  - ^ dv 


1x2  = J^2yW 


2a3  N a2P 

1 + - 

3x3y  3x3y3z  3x3y 


xj  = F-2z(M) 


(P,  - P)  dv 


De  memo,  les  termes  ly  et  Iz  sont  obtenus  3 partir  des  formules  suivantes 


T = F,  3^Pl  4.  7 3^N  3^P  , 

yj  2x(  3x3y  3x3y3z  3x3y 


E2y(M) 


CPi-P,  - 4 |i  |-|1N  . 0 j -2  0 - 3y^  0-  J dv  (13) 


= P-2z(M)  4tz  (■’i  - P)  ‘1'- 


'^ZxCM)  ^ (P,  4 p)  dv 


'^2  = f^ZyCM)  (P,  * P)  dv 


Iz3  ' ^2zW  (Pi  - P)  - t^(Pl  - P)  ] 
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I.c  volume  il ' i lit  og  rat  i on  cst  t'v  i ik'mmc'nt  lo  voliinie  total  do  I'anonialio.  I.;  cst  I o champ 
cxistant  on  un  point  quelconque  M du  volume  V (figure  41. 


Lcs  functions  de  (Ireen  P , I’l  et  \ sont  definies  ci-ile--sous  : 


X = 


1 

eUi(z  + 4')  do(xr)  - u 

if  (Ri  + (i+t ' 1 1 

1 1 

- 

0 

•>J1  I I JoUr) 


. K o 


X di 


(R,  - (:+:'))  tlS) 


fli)) 


-Y,R 


Jo(Ar)  , ,, 


120) 


Avee  : 


(x-x')2 

(y-y')‘ 

+ (z-z')2 

121) 

/ (X-X')2 

* (>■->■')? 

+ (Z+Z')2 

(22) 

/ X 2 + ,^2 

oil  Rp  { 

U]  } > n 

(2.5) 

An  cours  de  la  di'mons  t rat  i on , aucunc  restriction  n'a  dte  imposcc  a la  position  du 
point  d ' ohservat i on  Q dans  Ic  demi-milicu  conductcur.  Ce  point  pent  done  etre  situc  a 
I'intfrieur  du  volume  V.  II  en  resultc  dans  cc  cas  quo  lcs  relations  5 a " constituent 
un  systeme  de  trois  equations  intcgrales  de  Predholm  dont  les  inconnues  sont  : 

f'-2x  ’ ot  P. 

l.a  resolution  numerique  do  cc  systeme  a f'te  souvent  abordee  grace  a la  methodo  des 
moments.  Cette  methode  consisto  .T  ramenor  le  systeme  d'equations  integralos  .i  uno  equation 
matricielle  en  divisant  I'anomalie  cn  petits  elements  do  volume.  On  clioisit  lours  dimensions 
suffisammont  faible  pour  pouvoir  supposcr  quo,  dans  chacun  d'eux,  le  champ  eicctrique  cst 
constant  ct  a pour  valour  cello  prise  au  centre  de  1 'element  de  volume  considdre.  Certains 
auteurs,  comme  llohmann  par  cxcmplc,  out  applique  dircctement  cette  methodc  au  systeme  quo 
nous  venons  d'cxposcr.  Pans  ce  cas,  quclqucs  difficultcs  mathf-mat  iques  surgissent.  lin 
effet,  certaincs  intfgralcs  A calculcr  ont  une  forme  donnec  par  : 


I(Q) 


3P, 

3 X 


d X ' d y ' d : ' 


A 


(241 


A etant  la  maille  clementairc  reprfscntcc  sur  la  figure  ?>  ct  P)  la  function  de  Creen,  definic 
par  I'equation  (19). 

Lorsque  le  point  d ' observat i on  Q tend  vers  M,  I'integralc  (24)  diverge  ; mais  on  pent 
montrer  analyt iquement  quo  sa  valour  principalc  cxistc  (Cauterman,  1925). 

l.a  solution  adoptee  par  llohmann  consisto  .4  issimilcr  le  para  1 1 el ep ipedc  form?  par  la 
maille  <4  une  sphdre  de  mcme  volume  et  .1  intCgrt  ' nsuitc  ana  1 yt iquement . Nous  avons  choisi 
une  autre  solution  obtenuc  cn  remarquant  quo  la  dcrivf'e  de  la  fonction  de  Creen  Pi 
satisfait  I'equation  : 


3Pl  _ aPi 
3X  ~ ' 3X ' 


(2.S) 


Hn  utilisant  cette  relation  dans  I'equation  (24),  I'integralc  I pent  sc  mettre  sous 
la  forme  suivantc  : 
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avec  : 


"2 

fy2 

- 

I(Q)  = 

j 

dz ' 
^1 

-yjR; 

e 

yi 

_ WJ~ 

= / (x-x^)2  + (y-y')^ 
R'  = / (x-xjj^  * (y-y')^ 


+ (z-z'l 


* (z-z') 


dy ' 


2 


2 


(26) 


(27) 

(28) 


Ceci  montre  bien  que  I a une  valeur  finie  que  I'on  peut  calculer  numcriquemcnt  sans 
approximation,  Pe  plus,  il  est  intCressant  de  noter  qu'en  faisant  apparattre  dans  l'int6- 
grant  de  I une  di f ferent iel le  exacte  par  rapport  a I'une  des  variables  d ' i ntdgrat ion , 
I'integrale  triple  se  transforme  en  une  integrale  double.  Cette  remarque  va  simplifier 
cons i dfrablement  la  mise  on  oeuvre  du  calcul  numcriquc  des  integrales  de  volume  des 
fonctions  de  Green.  Cette  demonstration  se  generalise  a toutes  les  integrales  des  derivdes 
secondes  de  P-|  qui  figurent  dans  les  expressions  des  composantes  du  champ  61ectrique. 

Enfin,  I'autre  terme  qui  peut  tendre  vers  I'infini  quand  Ri->  P est  la  fonction  P-|, 
elle-meme.  Or,  cette  fonction  verifie  la  relation  de  Helmoltz  ; 


3 = 


a z ' 


>,  = - 4n6(Ri) 


(29) 


En  utilisant  cette  relation,  P.|  s'exprime  en  fonction  de  ses  ddrivees  secondes  par 
rapport  3 I'espace.  On  est  ainsi  ramen?  au  calcul  prfeddent  en  ayant  rendu  rfgulier  tous 
les  integrants.  Si  I'anomalie  de  volume  V est  discretisde  en  n elements  paral leiepipediques 
& Vi,  les  relations  integrales  reliant  les  composantes  du  champ  eicctrique  se  mettent  sous 
la  forme  suivante  : 


^ E2x(Mi)  = Exp(Mi)  - K y.lP.2x(Mk) 

k=1 


02 


ft  ^^2y  = Eyp(Mi)  . K 


^ E22(Mi)  = E^p(Mi)  * K ^l^(E2x(Mk) 


G^dV  - E,y(Vlk) 

G^dV  - E2z(’''k') 

AVk 

A\’k 

G^dV  - E,y(M^) 

1 

G^dV  - E;,(Mk) 

AVk 

AVk  ' 

G>'  * P2y(^’k) 

G|.dV  - E2,(Mk) 

AVt 

AVv 

G^dV  ) 
AVk 


AVk 


G:dv  ) 


iV, 


(30) 


l.es  fonctions  G sont  des  combinaisons  de  fonctions  de  Green,  definics  par 


C?!  = (P,  - P) 


■'x  - 1 


CP  + P)  + 2 I 
az?  ' 1 ' a Jyaz 


(.31) 


y X 3x3y 


(P,  - P)  * 2 II 


(32) 


X , a2 


G^  = 
z 


(P,  - P) 


ax  a z 


(33) 
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= Tv,;  C’l  - >') 


(TI) 


< = tS  c’l  - '’I  ^ tI'  o’l  ^ 1’)  * 2 


(3S) 


'‘’l  * 


f3(>) 


S'  = ITT:  f’l  ^ ■’» 


(37) 


"’l  - ’’1  ^ ^ C'1  - n 


ly?  1 


(3S) 


I.cs  points  Mj  ct  M|<  corrcsporuicnt  ;ui  centre  Jc  clincnnc  des  ra;ul]cs  t\\'\  et  AVj< . Pour 
des  points  sitiics  clans  I'anomalic,  Ics  c'c)uations  clu  champ  sc  resument  sous  la  forme 
matriciclle  suivantc  ; 


o ; 
°1 


1-:, 


i:  A i; 


(39) 


V.2  est  Ic  vcctcur  champ  elcctricjnc  inconnu  clans  I’anomalic  : 

'^2y(^'i1.  > = l.n 

bp  est  le  vccteur  champ  c'lectriciue  primal  re  : 

hxp(^'i).  hyp(Mil,  P;p(Mi)  pour  i = 1 ,n 

A est  la  matrice  cles  integralcs  des  fonctions  de  Clreen  ^tendiies  aiix  elements  aV;. 

Cette  matrice,  de  dimension  3n  x 3n  est  symctriciuc  condition  epic  tons  les  Elements  cie  vo- 
lume AV'i  soient  epaux. 

l.a  rc'solution  niimericiue  clu  systeme  matriciel  s'effectue  en  utilisant  I'alporithme 
de  Cholcski.  l.'emploi  de  cet  alporithme  pour  des  systemes  oh  la  matrice  A est  symdtrique 
se  justifie  par  la  rapiditc  de  calcul  et  la  precision  des  resultats  obtenus.  I.cs  intfgralcs 
dcfinics  sent  calculees  au  moycn  de  I'alporithmc  de  Simpson,  tandis  quo,  pour  des  intdpralcs 
de  surface,  la  methodc  de  Gauss  a etc  choisie. 

l.a  resolution  de  I'ccpiation  matriciclle  neccssitc  un  temps  d'environ  1 mn  pour  unc 
matrice  10(1  x 100.  Si  I'anomalic  est  divisce  par  excmplc  cn  24  maillcs,  Ic  calcul  dcs 
intcgrnles  ct  la  resolution  clu  systeme  matriciel  demandent  un  temps  voisin  de  3 mn  sur  un 
ordinatcur  CII  10070. 


3.  nXllMPI-KS  D'APPI.rCATIO\ 


Unc  verification  dii  mocldlc  a d'ahord  etc  faitc  pr.ace  3 unc  comparaison  entre  les 
rdsultats  theoriques  ct  ceux  obtenus  cxperimcntalcmcnt  sur  la  cuve  analogique  (Cauterman, 
et  al.,  Oct.  197.S).  Comme  nous  I'avons  indiqud  prc’ccdcramcnt , I'emetteur  est  place  3 la 
surface  de  I'cau  et,  dans  le  cas  du  moddlc  analogique,  la  composantc  verticale  V.z  du 
champ  eicctriquc  est  mcsurec  3 I'aidc  d'unc  sonde,  line  plaque  isolante  a 6x6  immergde  3 
unc  profondeur  de  28  cm,  la  distance  erne  t tcur- rf'ccpt  cur  ctant  de  20  ct  40  cm.  Pour  caractf 
riser  1' influence  de  1 ' hetf'rogf  nd  i t (' , on  cK'finit  habitucllement  un  taux  d’anomalie  par 
1 ' ec|ua  t i on  suivantc  : 


(40) 


oil  V est  la  tension  mesurPe  cn  presence  de  I'anomalic  ct  Vo  celle  obtenue  cn  milieu  homogdne. 
I.cs  courbes  de  la  figure  4 reprdsentent  la  variation  de  'f  cn  fonction  cie  la  profondeur  du 
receptcur.  Sur  la  figure  (a),  I'anomalic  est  situde  entre  I'dmctteur  ct  le  rdccptcur, 
tandis  que  sur  la  figure  (b) , I'dmcttcur  est  situd  au  dcssus  du  paral Idldpipddc  isolant. 

Nous  remarquons  un  excellent  accord  entre  la  theoric  ct  1 'cxpdricnce . 


Pour  dftecter  des  anomalies  situfcs  3 faihle  prefondeur  ou  lorsque  la  conductivitf 
du  terrain  est  6lcv6e,  I'fmetteur  et  le  ifccptcur  pen  ent  ctre  placfs  3 la  surface  du  sol. 
Ilohmann  a appl  iqud  le  moddle  thforique  3 la  mfthode  de  prospection  utilisant  des  boucles 
magnStiques.  Cellcs-ci  sent  dfplacfes  3 la  surface  du  sol  en  maintenant  constante  la 
distance  fmetteur-rfeepteur . L'anomalie  ftudife  par  tiohmann  est  reprfsentee  sur  la  figure(5). 
La  rdsistivitf  du  milieu  encaissant  est  de  100  ou  tOO  ..m,  celle  de  1 ' i nhomogf  nO  i tf  ftant 
de  1 Om.  La  distance  fmet teur- rf cept cur  est  fixfe  3 1 SO  m et  la  frequence  d'Omission  3 


1 KHz. 


Les  courbes  des  figures  (5a)  et  (5b)  reprfsentent  la  rdponse  de  l'anomalie  sur  la 
partie  en  phase  et  sur  la  partie  en  quadrature  du  champ  magnPtique  mesurf.  La  distau'^e 
horizontale  x est  la  distance  entre  la  vcrticale  du  centre  d?  l'anomalie  et  le  milieu  de 
I'ensemble  dipole-dipole.  L'anomalie  a 6tf  divisfc,  dans  ce  cas,  en  96  raailles.  Kn  effet, 
la  convergence  du  systeme  est  souvent  obtenue  lorsque  la  taille  do  chacunc  des  mailles  est 
de  I'ordre  de  grandeur  du  1/10  do  la  profondeur  de  penetration  dans  le  sol.  Cependant  , ce 

critere  n'est  pas  absolument  gfnC-ral  et  il  pent  dfpendre  de  la  conductivite  propre  de 

l'anomalie.  II  est  done  nOcessaire  dans  bien  des  cas  de  tester  la  convergence  en  augraentant 
systfmat iquement  le  nombre  de  mailles.  On  reraarque  d'apres  ccs  courbes  quo  la  composante 
en  quadrature  est  la  plus  sensible  3 la  presence  de  l'anomalie. 

Nous  allons  maintenant  envisager  la  memc  anomalic  qu'Hohmann  ; mais  en  supposant  que 
I'emission  et  la  reception  se  font  3 I'aidc  de  dipoles  clectriqucs  places  3 la  surface  du 
sol.  De  plus,  nous  avons  choisi  250  Hz  comme  frequence  d'fmission  afin  de  diminuer  le  temps 
calcul.  Hn  effet,  ccci  nous  a permis  de  rdduirc  3 .56  le  nombre  de  mailles.  La  figure  6 

reprOsente  le  taux  d'anomalic  sur  la  composante  l!r  en  fonction  de  la  position  do  I'emcttcur. 

Le  rdeepteur  est  fixf  3 la  verticale  de  l'anomalie  et  Ics  antennes  d'emission  ci  de  reception 
sont  colincaircs.  On  remarque,  comme  pour  le  dipole  magnftiquc,  quo  la  composante  on 
quadrature  est  plus  sensible  3 la  presence  de  1 ' hdt crogOnei t f . De  plus,  le  taux  d'anomalic 
augmente  on  fonction  de  la  distance  cmctteur-reccptcur  pour  tendre,  3 la  limitc,  vers  une 
valour  de  20  1. 

Nous  supposons  maintenant  (|uc  le  rfccptcur,  maintenu  fixe,  sc  situc  3 150  m du  bord 
de  1 ' he t drogenf i t 6 (figure  ').  Le  taux  d'anomalic  est  maximum  lorsque  I'emcttcur  passe  au 
voisinage  le  cette  he tcrogene i te . Cependant,  comme  nous  1 'avons  signaie  precedemment , la 
distance  dmet tour- recept cur  est  souvent  maintenue  constante. 

Ics  courbes  de  la  figure  8 ont  Ote  tracecs  en  supposant  une  distance  do  ISO  m entre 
les  antennes  d'f'mission  et  de  reception.  Si  I'ensemble  d i p6Ic-d  ipo  1 c se  dc'placc  d'unc 
manierc  continue,  on  vo  i t qu'une  premiere  variation  du  champ  rc(;u  sc  produit  quand 
I'emcttcur  est  au  voisinage  de  l'anomalie.  Lorsque  1 ' heterogc-nei  td  est  3 dgalc  distance 
de  I'dmctteur  et  du  rdceptcur,  on  obtient  un  minimum  rclatif  du  taux  d'anomalic,  puis 
une  nouvclle  augmentation  de  ce  taux  lorsque  le  rdceptcur  passe  pres  de  la  verticale  de 
l'anomalie.  Dans  cette  configuration,  I'dmettcur  et  Ic  recepteur  jouent  done  des  r61es 
pratiquement  symdtriques. 

Inf  in,  sur  la  figure  9,  nous  avons  suppose  quo  la  distance  emcttcur-reccptcur  est 
rdduitc  3 60  n.  font ra i rement  aux  courbes  preeddentes,  il  n'apparait  plus  qu'un  soul 
extremum  du  taux  d'anomalic  qui  est  obtenu  lorsque  1 ' hdt drogendi t d se  situe  3 dgale 
distance  do  I'dmettcur  et  du  rdceptcur. 


4.  CONCLUSION 

Ics  dtudes  thdoriqiics  qui  ont  dtd  ddvcloppdes  ccs  dcrniercs  anndes  permettent  de 
moddliscr  sur  ordinateur  la  rdponse  d'unc  anomalic  de  forme  quclconquc  3 une  excitation 
fournic  par  un  dipole  dlectriquc  ou  magndtiquc. 

Nous  avons  mis  en  evidence  sur  quclqucs  cxcmples  1' importance  dcs  parametres  de 
prospection  sur  I'amplitudc  du  taux  d'anomalic  et  sur  la  forme  dcs  courbes  de  rdponse. 

Si  on  recherche  dcs  hd t drogdnd i t ds  dont  on  connait  approx imat i vement  soit  Icur  profondeur, 
soit  Icur  taille,  une  simulation  numdrique  permet  d'obtcnir  rapidement  les  valours  optimum 
de  CCS  paramdtres  de  prospection  et  notamment  la  frequence  et  la  distance  dmet t cur- rdceptcur . 
La  comparaison  dcs  rdsultats  thdoriques  et  expd rimentaux  doit  ensuite  permettre  de  prdciscr 
la  position  et  Ic  volume  de  l'anomalie. 
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VARIATIONS  OF  TEMPORAL,  SPECTRAL  AND  ANGULAR  RADAR 
BACKSCATTERING  COEFFICIENT  OF  VEGETATION 


Fawwaz  T.  Ulaby 

University  of  Kansas  Center  for  Research,  Inc. 
Remote  Sensing  Laboratory 
Lawrence,  Kansas  660^5 


ABSTRACT 


The  scattering  coefficient  o ® of  a target  is  the  target-sensor  transfer  function:  It  is  a resultant 
of  the  interaction  between  the  interrogating  electromagnetic  wave  (as  character i zed  by  its  wavelength, 
polarization  and  local  angle  of  incidence  relative  to  the  target)  and  the  target  electrical  (dielectric) 
and  geometrical  properties.  Vegetation  is  a dynamic  target;  over  the  growing  cycle  of  a particular  crop, 
the  dielectric  properties  of  the  plant  change  in  consequence  to  variations  in  its  moisture  content  and 
its  geometrical  properties  change  in  terms  of  height,  density  and  shape. 

This  paper  will  review  the  results  of  an  experimental  program  at  the  University  of  Kansas  which  over 
the  past  five  years  has  succeeded  in  documenting  the  variations  of  the  radar  backseat  ter i ng  coefficient 
of  a variety  of  crop  types  as  a function  of  time,  signal  frequency  (l-l8  GHz),  angular  range  (nadir  to 
80“)  and  polarization  (HH,  VV  and  HV) . The  systems  used  are  the  University  of  Kansas  Microwave  Active 
Spectrometers  (MAS);  one  MAS  system  covers  the  1-8  GHz  band  and  the  other  system  covers  the  8-l8  GHz 
band.  Each  MAS  system  is  mounted  on  a mobile  truck-mounted  boom  and  is  operated  by  a computer  controller. 
To  date,  these  two  systems  have  acquired  over  3 million  data  points  from  agricultural  crops,  bare 
ground  and  trees.  Some  of  these  results  have  been  published  in  the  scientific  literature  (Batlivala  and 
Ulaby,  1976;  Bush  and  Ulaby,  1975;  Bush  and  Ulaby,  1976;  Bush  el  al.,  1976;  Ulaby,  Cihlar  and  Moore,  197^; 
Ulaby,  197^;  Ulaby,  1975;  Ulaby,  et  al.,  1975;  Ulaby  and  Batlivala,  1976a;  Ulaby  and  Batlivala,  1976b; 
Ulaby  and  Bush,  1976a;  Ulaby  and  Bush,  1976b). 

In  addition  to  monitoring  the  temporal  variation  of  cf  over  a typically  ^4-month  growing  cycle, 
special  experiments  were  conducted  to  determine  the  diurnal  variation  over  the  24-hour  cycle.  The  re- 
sults indicate  that  the  peak-to-peak  diurnal  variation  in  the  magnitude  of  o®  decreases  with  frequency 
from  about  5 dB  at  I GHz  to  less  than  0.5  dB  above  8 GHz.  Another  experiment  was  conducted  to  determine 
the  effect  of  row  direction  of  the  plants  on  the  backscattered  return,  and  yet  another  experiment 
compared  o ® of  trees  before  and  after  defoliation. 


1 .0  INTRODUCTION 

Radar  backscatter  behavior  of  terrain  is  defined  by  the  terrain  backseat  ter i ng  coefficient,  o®.  The 
acquisition  of  data  to  quantify  the  angular,  spectral  and  polarization  variations  of  o®  of  different 
types  of  terrain  under  a variety  of  conditions,  is  an  important  and  essential  step  in  many  applications. 
Such  a data  base  Is  necessary  for  the  design  of  radar  systems  for  remote  sensing  applications  in  the 
earth  sciences,  as  well  as  for  radar  systems  intended  to  detect  man-made  targets  in  the  presence  of  a 
terra i n background . 

The  purpose  of  this  paper  is  to  present,  in  summary  form,  the  results  of  the  radar  backscatter 
measurements  program  at  the  University  of  Kansas.  Due  to  space  limitations,  emphasis  will  be  placed  on 
agr icu I tural  targets . 


2.0  DATA  ACQUISITION  SYSTEMS 


The  radar  data  reported  herein  were  acquired  by  two  truck-mounted  Microwave  Active  Spectrometers, 

MAS  1-8  and  MAS  8-l8.  Table  I is  a summary  of  their  operational  specifications.  To  reduce  signal  fad- 
ing and  to  insure  program  representat ion  of  the  targets  under  Investigation,  a combination  of  frequency 
and  spatial  averaging  was  used.  System  stability  was  monitored  through  the  use  of  a delay  line  sub- 
stitution method  and  absolute  determination  of  o®  was  achieved  by  measuring  the  radar  return  from  a Lune- 
berg  lens  of  known  radar  cross  section. 


li 

ji 


3.0  vegetation  SCATTERING  RESPONSE 

In  general,  o®  is  a function  of  the  sensor  parameters  (frequency,  polarization  and  angle  of  incidence) 
and  the  target  parameters  (geometry  and  dielectric  constant)  In  a complex  fashion,  making  it  very  dif- 
ficult to  separate  the  various  dependencies  Into  independent  functional  relations.  It  is  this  complexity 
that  necessitated  the  acquisition  of  large  volumes  of  data  before  a thorough  understanding  of  the  target- 


sensor  interaction  process  could 
quantify  the  major  variables  as 

be  achieved, 
fo 1 lows : 

To  illustrate  this  point 

with  an  example,  suppose  we 

Variable 

Range 

Internal 

Number 

Frequency 

l-lS  GHz 

1 GHz 

19 

Anq 1 e of  1 nc i dence 

o 

O 

00 

o 

10° 

9 

Polarizat ion 

HH,HV,VV 

— 

3 

T ime 

120  days 

3 days 

41 

Total  Number  of  Measurements:  19  x 9 x 

3 X III  = 21  ,033 

Thus,  to  determine  the  scatterinq  coefficient  spectral,  anquiar  and  polarization  response  of  one 
crop  type  over  a typical  qrowinq  period  of  ^ months,  it  is  necessary  to  acquire  in  the  neiqhborhood  ot 
21,000  data  points.  If  these  data  are  to  be  related  to  the  crop  qeonetrical  and  dielecirical  character- 
istics, detailed  field  measurements  are  also  required,  contemporaneously  with  the  radar  backscatter 
measurements.  The  field  data  usually  include  crop  density  and  height,  vegetation  noisture  content,  soil 
moisture  content,  wind  speed  and  direction,  etc..  In  addition  to  the  above  volunie  of  radar  backscatter 
data,  experiments  should  be  conducted  to  determine  the  effects  of  crop  row  direction  relative  to  the 
incident  wave, diurnal  variations  of  and  a variety  of  other  factors.  Althouqh  several  million  data 
points  have  been  acquired  to  date,  we  are  only  at  the  stage  of  making  observations  regarding  general 
trends  and  dependencies.  In  the  remaining  parts  of  this  section,  examples  of  these  trends  are  presented, 
along  with  references  to  more  detailed  analyses. 

3 . I  Temporal  Variation  of  Corn 

Figure  1 presents  the  time  record  of  (dB)  at  17  GHz  and  at  an  angle  of  incidence  of  50®  (left 
hand  scale)  and  the  time  record  of  the  plant  water  content  per  unit  volume  ( g/m  ) expressed  in  dB 
(relative  to  1 g/m"^),  shown  on  the  right  hand  scale.  Comparison  of  the  two  records  indicates  very  good 
agreement  over  the  four  month  time  period.  Regression  analyses  of  ’®  (dB)  on  (dB)  were  performed  at 
several  angles,  frequencies  and  pol ar i za t Ions ; examples  are  shown  in  Figure  2 for  (dB)  at  50®  for 

8.6,  13.0  and  17.0  GHz.  The  results  are  best  at  17  GHz  where  a correlation  coefficient  of  0.962  was 
obtained.  These  results  are  typical  of  the  dependence  of  ® on  W for  angles  of  it)cidence  higher  than  ^0®. 
As  the  angle  of  incidence  approaches  nadir,  the  correlation  coefficient  decreases  due  to  the  domination 
of  the  return  by  the  backscatter  contribution  of  the  underlying  soil  (ulaby  and  Bush,  1976a). 


At  angles  higher  than  ^40°,  where  the  attenuation  by  the  vegetation  abnost  completely  masks  the  soil 
backscatter  component,  a®  can  be  expressed  in  the  following  functional  form: 


where  C and  are  constants  for  a given  f requency-anq 1 e-pol ar i zal ion  combination.  Expressed  in  dB,  *® 
takes  the  form: 

(dB)  = A + ;■  (dB) 

whe  re 

A = 10  log.  C 
W (dB)  = 10  log  W 

V V 

3 . 2  Temporal  Variation  of  Wheat 

Whereas  in  the  case  of  corn  t®  appeared  to  be  strongly  dependent  on  , the  miss  of  water  per  unit 
volume  of  the  vegetation,  ’®  of  wheat  shows  a negative  exponential  dependence  on  the  moisture  content  of 
the  individual  plants,  M , where  H is  measured  on  a percentage  wet  weight  basis: 

P P 


X 100 


where  W and  W_  are  the  aver.ige  wet  and  dry  weights  of  the  individual  wheat  plants.  Thus,  represents 
the  mass  of  water  (W  - W ) relative  to  the  total  weiqht  of  the  plant,  in  contrast  to  which'^is  in- 
dependent  of  the  mass  of  the  plant  itself. 

Figures  3 illustrate  the  teniporal  variation  of  ’®  of  wheat  at  17  GHz  and  50®  for  HH  and  VV  polariza- 
tions (ulaby  and  Bush,  1976b).  The  dependence  of  o®  on  M is  illustrated  in  Figures  ^ and  5 for  13  3nd 
17  GHz  respectively.  In  functional  form,  the  dependence  ^can  be  described  by: 


o®  = A exp  (B  ■ M^) 


(real  units] 


where  A and  B are  constants  for  a given  f requency-ang le-pol ar i za t ion  combination.  As  shown  in  Figures  ^ 
and  5»  B is  a negative  quantity.  Since  the  dielectric  constant  of  vegetation  increases  with  moisture 
content  (Carlson,  1967),  the  negative  dependence  of  q®  on  M cannot  be  attributed  solely  to  the  dielectric 
constant.  A possible  explanation  of  the  observed  behavior  ?s  that  the  overriding  factor  responsible  for 
the  temporal  variation  of  o®  Is  the  geometrical  changes  which  the  plants  undergo  during  the  maturation 
process  such  as  the  withering  process  of  the  leaves  as  they  lose  moisture.  Thus,  M serves  as  a measur- 
able representative  of  the  geometrical  changes  which  it  is  related  to  in  a complex  manner. 


3 . 3  Spectral  Response  of  Trees 


Figure  6 demonstrates  the  effect  of  frequency  on  the  difference  between  Spring  (with  leaves)  and 
Autumn  (partially  defoliated)  trees  (Bush  ct  al . , 1976),  For  the  latter,  only  8-l8  GHz  data  were 
acquired.  The  Spring  data  indicate  an  increasing  dependence  on  frequency  whereas  the  Autumn  data  are 
almost  frequency  independent.  The  difference  in  behavior  suqqests  that  higher  frequencies  are  more 
sensitive  to  the  temporal  variation  of  deciduous  trees. 


3 . Diurnal  Variation  of  Sorghum 


Measurements  of  the  radar  backscatter  from  a dense  field  planted  with  sorghum  Indicate  that  a®  has  a 
cyclic  behavior  over  the  2l*-hour  diurnal  cycle  (Ulaby  and  Batlivala,  1976b).  Figures  7a  and  7b  illustrate 
the  diurnal  variation  of  -®  al  2.7S  GHz  and  7.25  GHz.  respectively.  The  peak-to-pcak  variation  appears  to 


5-.-^ 


decrease  with  frequency  and  is  always  smaller  for  VV  polarization  than  HH  pol ar i zat ion.  In  Figure  8, 
the  angular  dependence  is  presented  for  the  extreme  conditions:  6 a.m.  and  6 p.m.  Note  that  as  the 

' frequency  is  increased  from  2.75  GHz  (Figure  8a)  to  7-25  GHz  (Figure  8b),  the  difference  between  the 

6 a.m.  and  6 p.m.  angular  responses  of  a®  has  almost  completely  disappeared. 

3 ■ 5 The  Effect  of  Row  Direction 

An  experiment  to  investigate  the  effect  on  o®  of  row  direction  relative  to  look  direction  (of  the 
radar)  was  conducted  over  the  2-8  GHz  frequency  range  (Batlivala  and  Ulaby,  1976).  A field  of  mature 
sorghum  with  an  average  plant  height  of  2.5  ni  was  monitored  with  the  look  direction  parallel  and  perpen- 
dicular to  the  row  direction.  Figure  9 presents  the  angular  response  of  each  case  at  2.75,  5-25  and 
k 7.25  GHz.  As  would  be  expected,  the  attenuation  by  the  vegetation  increases  with  frequency  thereby  caus- 

ing the  difference  between  the  two  cases  to  decrease  as  we  progress  from  Figure  9a  to  9c.  Furthermore, 
at  nadir  both  cases  give  about  the  same  o®  value.  In  the  10®-30®  angular  range,  large  differences  in 
0®  are  observed  due  to  look  direction.  As  the  angle  of  incidence  is  increased,  however,  the  two  angular 
responses  approach  one  another.  Similar  observations  have  been  noted  on  radar  by  Morain  and  Coiner  (1970). 


A.O  CONCLUSIONS 


Although  the  radar  response  of  vegetation  is  very  complex  due  to  its  often  non-linear  dependence 
on  several  interdependent  variables,  the  results  of  the  radar  measurement  program  at  the  University  of 
Kansas  indicates  that  with  proper  experin>ent  definition  and  design  and  a great  deal  of  patience  and 
diligence,  considerable  Information  can  be  obtained  to  design  radar  sensor  parameters  for  specific 
appl i cat  ions. 
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MAS  1-8  and 


TABLE  I . 

MAS  8-18  Nominal  System  Specifications 


MAS  1-8 

MAS  8-18 

TYPE 

FM-CW 

FM-CW 

Modulating  Waveform 

T r i angu 1 ar 

T r 1 angul ar 

Frequency  Range 

1-8  GHz 

8-18  GHz 

FM  Sweep;  Af 

LOO  MHz 

800  MHz 

Transmitter  Power 

10  dBm 

10  dBm 

1 n termed  late  Frequency 

50  KHz 

so  KHz 

IF  Bandwidth 

10  KHz 

10  KHz 

Antennas 

Height  above  ground 

20  m 

25  m 

Reflector  diameter 

122  cm 

A6  cm 

Feeds 

Crossed  Log-Periodic 

Quad-Ridged  Horn 

Incidence  Angle  Range 

0“  (nad i r)  - 80“ 

0®  (nadir)  - 80® 

Ca 1 i brat  1 on : 

Internal 

Signal  Injection 

Signal  Injection 

(delay  line) 

(delay  1 ine 

Externa  1 

Luneberg  Lens 

Luneberg  Lens 

Reflector 

Reflector 

37 

36 

^35 

34 

133  _ 

l3?S 

31* 

30 

?) 

]fl 


Figure  1.  Temporal  variations  of  scattering  coefficient  of  corn  a*  (dB) 
(left  hand  scale)  and  the  corn  canopy  water  mass  per  unit 
volume  W (right  hand  scale).  W is  expressed  in  dB  (log 
scale  reYative  to  1 gm/m3) . 


Frequency;  17. 0 GHz 


May  June 


Frequency:  17. 0 GHz 


May  June 


Figure  3-  Temporal  variations  of  (dB)  and  Oy*  (dB)  as 
measured  at  50®,  17.0  GHz. 


Measured 

— o;j°  = 0. 1560  exp(-0.0260-Mp)  (Empirical) 
Incidence  Angle:  50° 

• Frequency:  13. 0 GHz 


10  20  30  40  50  60  70  80 

Plant  Moisture  (Wet  Weight  Basis) 

• Measured 

o^°  = 0. 1825  exp(  -0. 0303  • Mp)  (Empirical) 

• Incidence  Angle:  50° 

\ Frequency:  13.0  GHz 


0 10  20  30  40  50  60  70 

Plant  Moisture  (Wet  Weight  Basis) 


Figure  ^4 . Variations  of  and  (real  units)  with  plant  moisture 

The  solid  lines  represent  the  nonlinear  regression  curve 
corresponding  to  the  equation  shown  with  the  figure.  The 
frequency  is  13-0  GHz  and  the  incidence  angle  is  50*. 
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• Measured 

- 0. 0848  exp (-0. 0216 -Mp)  (Empirical) 

Incidence  Angle:  50° 

Frequency:  17.0  GHz 
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• Measured 

ff^°  • 0.1349  exp(  -0. 0253- Mp)  (Empirical) 

Incidence  Angle:  50° 

Frequency:  17.0  GHz 


Plant  Moisture  (Wet  Weight  Basis) 


riqure  5.  Variations  of  and  (real  units)  with  plant  mo 
The  solid  lines  represent  the  nonlinear  regression  ci 
corresponding  to  the  equation  shown  with  the  figure, 
frequency  is  17.0  GHz  and  the  incidence  angle  is  50®. 
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Figure  6.  Spectral  response  of  o ® (a)  and  a ® (b)  of  trees 
at  AO®  as  measured  In  the  spring  ana  autumn. 
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Figure  7.  The  diurnal  variation  of  n°  at 
(b)  7.25  GHz. 
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Figure  8.  Comparison  of  the  o“  angular  respon\A  for  6 a.m.  with  6 p.m.  at 
(a)  2.75  GH?  and  (b)  7.25  GHz.  ^ 
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Figure  9.  Conptirison  of  the  angular  response 
of  the  scattering  coefficient 
for  parallel  and  orthogonal  look 
directions  at  (a)  2.75  GH/ , 

(b)  5.25  GHz,  and  (c)  7.25  GHz. 
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AN  EMPIHICAL  MODEL  FOR  AVERAGE  SCATTERING  CROSS  SECTION 
COMPUTATIONS  FOR  LAND-  AND  SEA-SURFACES 


W,  Kevdel 

AEG-TELEFUNKEN  ULM 
Elisabethcnstr . 3 
7900  Ulm  / Donau 
Germany 


The  paper  presents  an  empirical  formula  for  the  mathematical  representation  of  the 
average  backscattering  cross  section  per  unit  area,  Oi  , for  land-  and  sea- surf ac es . There 
exists  no  physical  explanation  for  the  validity  of  the  formula  but  comparisons  with  mea- 
surements show  that  good  agreements  can  be  reached  and  that  the  formula  can  be  used  for 
^^'^^i®*'*-Qeiputations  in  case  of  different  surfaces  and  over  a wide  frequency  r inge.  The 
model  contains  as  special  cases  some  different  still  existing  models,  Lambeits  law  for 
example  For  a horizontal  moving  radar  with  a rotational  svmmetrical  anti*nna  the  stated 
model  leads  to  simple  solutions  for  the  spectral  power-density  and  the  total  power  of  the 
ground  clutter.  The  spectral  power-density  can  be  expressed  as  a hvpergeometr ic  series. 
This  model  can  be  useful  for  comparative  system  analysis  of  different  systems  as  well  as 
for  first  clutterestimations  in  radar  system  design. 

1.  INTRODUCTION 

For  considerations  on  land-  and  seaclutter  the  backscattering  cross  section  per  unit 
area,  CT„  , is  the  decisive  environmental  factor.  It  can  only  be  mathematically  assessed 
with  great  difficulty  and  the  aim  of  the  present  paper  is  to  give  a relative  simple  ex- 
pression as  an  empirical  model  for  a mathematical  description  of  the  average  0~  , which 
allows  simple  and  closed  solutions  of  the  so-called  c 1 utt er Integra  1 . 

In  reality  simple  models  do  apply  in  special  cases  only;  this  holds  especially  for 
random  quantities  as  and  for  empirical  models,  however  they  may  be  useful  for  compara- 
tive analysis  as  well  as  for  worst  case  considerations. 

2.  ESTABLISHMENT  OF  A FORMULA  FOR  THE  DEPENDENCE  OF  C~c  ON  THE  GRAZING  ANGLE 

For  0^ holds  the  following  definition  (Beckmann  and  Spizzichino,  1961): 


In  (1)  is  o(.<r  the  radar  cross  section  of  an  element  of  the  earths'  surface  dF.  In 
agreement  with  Beckmann  and  Spizzichino  and  other  authors  it  will  be  assumed  that  (T  de- 
pends only  on  the  grazing  angle  and  not  on  the  distance  r from  the  radar  or  on  i t°s 
height  h above  the  ground.  Furthermore  the  experience  shows  that  normally  (J  increases 
monotonously  with  increasing  grazing  angles.  (There  are  exceptions  from  this  general 
rule  in  special  cases).  In  general  has  for  land-  and  sea-surfaces  the  principal  shapes 
of  the  dependence  on  the  grazing  angle  given  in  Fig.  1.  Similar  shapes  show  the  curves 
in  Fig.  2 given  by; 


S(S)  = 


U 2 0 and  y are  real  numbers. 


(Vtt) 

■iA/tl  0 

C0<5  h 


This  is  a twoparametric  set  of  curves  in  which  the  parameter  jU.  varies  the  steepness 
of  the  function  for  large  grazing  angles  while  the  parameter  V varies  the  steepness  for 
small  grazing  angles.  (Fig.  3).  Fornmla  (2)  has  a singularity  for  S = 90°  .and  in  order  to 
eliminate  this  the  curves  given  by  (2)  have  to  be  considered  for  grazing  angles  less  than 
a limit  angle  Oj  . In  the  range  S ^ 90  ^^should  be  considered  as  a constant  v.alue.  The 
introduction  of  a factor  ^j|.,whtch  allows  the  adaption  of  the  modelfunction  to  actual  values 
leads  to  the  following  fornnila  for  the  average  of  (Tn  : 


Ccti  6 


X O ft 

^ r 

Co^  (fa 


f <51  ^ S ^ 3^* 


1 


1 


This  is  the  requested  formula.  Instead  of  some  authors  (Beckmann  1963»  Ruck  1970, 
for  instance)  introduce  a quantity  ^ defined  by: 

(T^  = ^ ^/VK  6 Cl*) 

M"  / y and  functions  of  the  average  surface  properties,  they  have  to  be  estimated 

by  comparison  with  measurements  for  each  type  of  surfaces  in  order  to  obtain  optimum  agree- 
ment between  the  model  and  measured  results.  This  shall  be  done  in  the  following  chapter. 

A first  look  on  (2)  shows  that  the  formula  includes  some  existing  well-known  empiri- 
cal and  semi-empirical  models  for  average  (To  of  rough  surfaces  as  special  cases:  (Ruck, 
Barrik,  Stuart,  Krichbaum,  1970).  Table  1 gives  an  overlook  over  such  cases: 


u. 

NAME  OF  MODEL 

- 1 

if  0 

Clapps  second  model 

0 

0 

jj-.sin  ^ 

Lommel  Seeliger, 

Clapps  third  model  resp. 

0 

1 

6 

^ V r 

Lamberts  law, 
Clapps  first  model 

0 

arbi- 

trary 

c) 

Generalized  Lamberts  Model 

Table  1 

Connection  with  model  (3)  and  still  existing  models. 

All  the  still  existing  models  contain  one  or  more  arbitrary  constants  and  for  most 
of  them  there  is  no  satisfactorv  scattering  mechanism  which  can  explain  the  behavior  of 
the  respective  model.  Nevertheless  under  certain  conditions  they  may  have  applicability 
for  certain  surfaces.  In  principle  the  same  holds  for  the  model  in  (3)* 

3-  THE  VERIFICATION  OF  THE  PRESENTED  C; -MODEL 


The  formula  (3)  giving  the  dependence  of  (5“^  on  the  grazing  angle  has  no  physical 
explanation.  The  validity  of  formula  (3)  for  actual  cases  can  be  shown  by  comparison 
with  measurements  only.  There  exist  very  many  measurements  on  the  dependence  of  0^  on 
the  grazing  angle,  the  most  important  of  these  published  measurements  are  listed  in  the 
References  of  Nathanson  E.E.,  197'5,  Ruck  D.  , Barrik  etal.,  1970,  Beckmann  and  Spizzichino, 

1963*  For  the  purpose  of  the  present  paper  the  following  clutterenvironments  and  charac- 
teristics measured  and  published  by  the  respective  authors  shall  be  considered  as  repre- 
sentative: 

1.  Seaclutter  in  P,  L,  C,  X-Band  for  different  seastates  and  polarizations 

(Guinard  N.  W.  and  Daley  J.  C,,  1970)  Fig,  and  *1, 

2.  Landclutter,  Land  covered  with  different  vegetation  C-,  X-Band 

(Ulaby  F.  T.  , 197*5)  Fig.  6. 

3.  Landclutter,  Asphaltroads  X,  Ku,  Ka-Band  (Earing  D.  G,  and  Smith  J.  A., 
1966)  Fig,  7. 

Landclutter,  urban  industrial  areas,  S,  L-Band  (Earing  D.  G.  and 
Smith  J.  A.,  19bb)  Fig,  8. 

9.  Landclutter,  mountains  and  other  cases  where  <3%  increases  with  decreasing 
grazing  angle  (Earing  1).  G.  and  Smith  J,  A,,  19()b ) Fig.  9. 

Some  results  of  these  measurements  of  d^are  given  in  the  Figures  'i  to  9.  These 
figures  show  the  measured  dependence  of  6“^  on  the  grazing  angle  o for  different  conditions 
and  in  comparison  the  empirical  adapted  model funct ion  according  to  (3),  The  results  re- 
presented in  Fig.  4 and  Fig.  9 show  that  the  model  (3)  is  able  to  describe  the  angle- 
dependence  of  for  soa-surfaces  in  a frequency  range  from  (),U  GHz  up  to  8 GHz  and  for 
different  seastates.  The  reason  for  the  variance  of  the  measured  results  shown  in  these 
figures  is  that  the  measurements  have  been  conducted  on  different  davs  and  therefore 
for  different  seastates.  In  principle  the  same  holds  for  the  results  shown  in  Fig,  (> 
for  the  80  % boundaries  of  Ci  in  dependence  of  S for  land-surfaces  (Ult'xbv,  Idys),  These 
measurements  are  conducted  for  different  vegetation  and  that  causes  the  given  variance. 


In  nil  cases  a sufficient  and  in  some  cases  an  excellent  agreement  between  measurements 
and  the  mode  I function  (1)  can  be  reached  by  a proper  choice  of^  V^  and  c^a  , Special 

cases  are  represented  in  Fi.^.  9.  Mere  are  ja;iv'en  some  cases  where  increases  for  decrea- 

sin<t  .^razing  angle  and  it  can  be  seen  that  the  model  also  inclvides  these  cases  if  v 
becomes  negative. 

As  a first  conclusion  it  can  be  established  that  for  different  surface  conditions 
and  for  different  frequencies  a fit  choice  of  and  y leads  to  good  agreements  with  mea- 
sured results.  The  surface  characteristics  influence  the  values  of  u and  / . As  a first 

result  the  following  can  be  said: 

For  the  considered  sea-surfaces  holds  approxima  t e I v S'  , -0,29  £ V ^ 1. 

For  the  considered  I and- sur  f ac  es  has  been  found  approximat  e 1 v 0 1 , ^ 

These  results  lead  to  the  conclusion  that  for  sea-surfaces  the  quantity  k is  im- 
portant and  that  for  land-surfaces  the  quantity  V plavs  the  important  part.  In  a future 
work  more  detailed  comparisons  of  the  here  present ed  <7^ -mode  1 with  measurements  shall  be 
carried  out.  The  aim  of  this  work  should  be  to  work  out  the  dependence  of  the  model  pa- 
rameters with  the  environment  characteristics  (frequency,  polarization,  surface-charac- 
teristics) more  in  detail. 

However,  the  here  presented  results  lead  to  the  conclusion  that  the  stated  formu- 
la (3)  for  the  dependence  of  the  average  on  the  grazing  angle  describes  the  reality  with 
satisf ac  t i on. 

o THE  USE  OF  THE  (7^ -MODEL  FOR  CLUTTEHC AIXI/LATIONS 

The  stated  model  can  be  used  for  c 1 u 1 1 ercal cu I at ions . Especially  the  computation 
of  the  spectral  power-densitv  for  a horizontally  over  ground  moving  radar  with  a lota- 
tional  symmetrical  antenna  diagram  leads  to  relatively  simple  mathematical  expressions. 

. 1 . Geometrical  con  si  derat  ions  and  c 1 utter-integral  s 


The  following  conditions  have  to  be  fulfilled  for  the  calculation  of  the  spectral 
power-densitv  and  of  the  total  power  of  the  groundc 1 u t t er  for  a CW-radar: 

1.  The  radar  is  flving  horizontally  at  a velocity  V at  a height  h above  the 
ground . 

2.  The  anter^na  diagram  of  the  radar  is  axially  svmmctrical  to  the  velocity 
vector  V , 

3.  The  ground  is  considered  to  be  a plane,  the  backscattering  characteristics  of 

the  ground  arc  described  by  (7^  . 

Farfield  conditions  are  applicable  for  both,  the  radar  and  the  surface. 

Fig.  10  shows  the  geometry  of  the  arrangement  taking  into  account  the  above  men- 
tioned conditions. 

From  the  surface  element  dF  with  a radar  cross  section  dq-  the  radar  receives  a 
cluttcrpower  dP  following  the  radar  equation 

- <L(r 

(P  = transmitter  power,  A = wavelength  of  transmitter,  g = antenna  gain,  E = anten- 
na directivity  pattern,  '^=  losses  due  to  svstem  and  propagation,  r = distance  between 
radar  and  surface  element). 


d?e 


One  obtains  the  total  cl\»tter  power  P seen  bv  the  considered  radar  from  (9)  bv 
integration;  with  respect  to  ( t)  and  ( ) foflows  after  some  manipulations: 


r 

. V 

^ C 

1 

^ \ 

f- 

C(ys 


t 


X5^ 


Because  of  its  inherent  motion  the  radar  states  a doppler  -shift  fp  of  the  radiated 
power  with  respect  to  the  received  power: 


-f  ^ f -^+f 

Dmax  ' n**  Dmax 

f is  the  maximum  dopplerfrequency  encountered: 

Dmax 


ffw  = 2 V 

Dmax  


The  relative  dopplerfrequency  is  defined: 

f, 


D 

^Draax 


(?) 

(?) 


The  spectral  power-density  of  the  clutter,  with  respect  to  the  frequency  f is 

defined  as: 


dP 

P = ^ 

cf  df 


(9) 


Ttiis  definition  leads  to 
P 

c 

Because  of  (d)  holds: 

d = sin(P- 

dmax 


the  spectral  power-density  refered  to  .0.  : 


dP 

c 

<^Sl 


MO) 


One  obtains  for  the  power-densi  t v 
characteristic  H ( J7. 


after  the  in  t rotluc  t i on  of  the  filter- 


p , pV)  HiSl) 


('0 


The  integrals  in  (b)  and  (12)  are  called  c 1 u t t er i n t egrn 1 s . 


, 2 , The  spectral  power-density  of  cluttei 


With  respect  to  (^)  the  integral  I 12)  can  be  solved.  Taking  into  account  the 
relation 

sinf  = sinlJ^  coscj 

it  can  be  shown  that  the  integral  in  M2)  is  identical  wit)»  the  integral  representation 
of  the  hyp  erg  eome  t r i c series  ( Gr  atisht  e\'n  and  Hvghik,  l‘)b'>)  with  t<and  y as  a pai  t of  the 
parameters.  Integration  of  (12)  leads  to  the  following  expression  for  * 


Herein  is: 


1 ^ 

. e\si)  SI) 

(1- 

Sl^)  i ■ 

i(^) 

<-(1 

(^T  V 

j- , y_*_3  1*  y 
f I-  ^ 1 J 1 i 

(et  ^ i 1 

. J 

~ V 

ci 

J .Jiu"  (J 

■ ''c 

J iw 

f «r  0 ^ 5^  i 

f-- 

CVK  cod  - 

W i t h 


(.-5 


t ■'  \ 

In  is  n ^ 2 / tho  Be  t afunc  t i on , K is  the  hvper]?  eometri  c series  and  the 

remaining  integral  is  solvable  bv  a recursion  formula  (Gradshtc\'n  and  Kyzhik,  ) . 

It  can  be  shovm  that  in  manv  cases  the  choice  of  y = 0 and  tx.  = 0^1,2,.,,  inte.eer 
leads  to  sufficient  agreement  between  the  0^-model  and  experimental  values.  In  this  case 
the  hvperjreometric  series  in  leads  to  simple  algebraic  expressions  in  and  to 

elliptic  integrals  respective! v.  For  the  Betafunction  holds: 


Table  2 shows  the  expressions  which  result  for  the  hvpergeometri c series  and  the 
integral  in  ( \'i)  in  the  case  U - integer  and  V = B lAbramowitz  and  Stegun,  19b^,  Gradsh- 
tevn  and  Hvzhik,  1‘)b")  and  for  sin  ^ , 


i.  tA.y 

0 

1 

0 

1 

- uu  i 

^ <!i  ^ Z 

2 

1 

SI  i /I  r Jt) 

't 

J 

A 

Sl^ 

Table  2 

Special  cases  of  hypergeometric  series 

Elliptic  intesrals  of  1st  and 
‘ ' 2nd  kind  resp. 


In  order  to  give  a normalized  representation  the  normalized  spectral  power-density 

P ^ will  be  introduced: 

- 9r 


?,  V i 

C HTT)}  _ 

KisJ.  It  stives  a representation  of  P versus  for  E = 1 , It  = 1 , V = O and 
/t,  = O , 1 , 2 , 1 , 't . 


In  order  to  work  out  ttie  influence  of  the  fi  1 terfunction  H (Ji)  the  following  condi- 
tions  are  assumed  to  bo  fulfilled: 


1.  The  radar  shall  have  an  autodvne  receiver  with  IF  = 0, 

2.  The  f i I terftinct  ion  H (Jl')  shall  be  a rectangular  highpass  with  lower  edge  frequen- 
cy 1). 

In  order  to  give  more  insight  into  the  problem  of  the  influence  of 
gram  on  the  clutter  received  by  a moving  radar  in  addition  to  E = 1 the 
diagrams  are  chosen  and  considered: 

C cos  for  n £ t?  $ 10° 

■ 1.  O for  li  < iHo” 

cos  iJ-  - 1 

E = e 

These  antenna  characteristics  are  represented  in  Fig,  12.  The  spectral  power-densitv 
P ^ is  multiplicative  modulated  with  the  function  of  the  antenna  diagram  and  the  figures 
1*i  and  show  the  influence  of  the  antenna  diagram  (l7^  and  ll8)  on  P . Especinllv  in 
the  region  of^=0,  tho  sidelobe  region  of  the  antennas,  tho  influence^of  the  sidelohe 
level  on  the  received  rlutterpower  can  he  seen  bv  comparison  of  Fig.  11  with  Fig.  13  and 
Fig.  1 . 


the  antenna  dia- 
fol lowing  antenna 


i^'S) 


6-6 


^.3*  The  total  clutter  power 


The  total  clutter  power  P received  from  the  radar  is  j^iven  bv  the  following  integral: 

4^ 


fc  = i “‘-a 


Considering  that  H ) is  proposed  ns  a rectangular  highposs  with  lower  edge  frequen- 

cy one  obtains  from  < 17)  in  connection  with  ( 1^*)  and  ( l^ia): 

-oL  ^ 


The  normalized  total  clutter  power  is  defined  ns: 

fc 

For /i=  0,2,4  and  for  the  considered  antenna  diagrams,  the  integrals  in  (20)  can  be 
solved.  The  results  of  this  solutions  are  represented  in  Fig.  15  which  shows  the  norma- 
lized total  clutter  power  P versus  . It  can  be  seen  from  the  results  given  in  Fig.  15 
that  with  a proper  choice  of^the  filterfunction  H as  well  as  with  the  choice  of  the 

antenna  diagram,  especially  the  sidelobes,  the  clutter  power  received  bv  the  radar  in  a 
wide  range  can  be  influenced. 

5.  CONCLUSION 


It  has  been  shown  that  the 
cribe  the  average  power  reflect 
well  as  over  sea.  In  contrast  t 
has  no  angle  limitations,  it  ho 
grazing  angles.  Nevertheless  it 
the  model  parameters  it  can  be 
respectively.  The  given  example 
comparative  system  analysis  of 
connection  with  horizontally  ov 
cal  antenna  diagrams. 


empirical  CT^model  given  in  this  paper  is  able  to  des- 
ion  characteristics  of  the  earth  surface  over  land  as 
o still  existing  other  models  the  here  presented  model 
Ids  for  low  grazing  angles  as  well  as  for  mean  or  large 
permits  simple  computations  and  with  proper  choice  of 
adapted  on  different  earth  surfaces  for  land  and  sea 
s show  that  this  simple  clutter  model  can  be  useful  for 
different  systems  and  for  first  clutter  estimations  in 
er  ground  moving  radar  svstems  with  rotational  svnunetri- 


In  a future  work  more  detailed  comparisons  of  the  presented  0^-model  with  measure- 
ments shall  be  carried  out  in  order  to  estimate  the  model  parameters  for  the  most  impor- 
tant occuring  clutter  cases.  The  aim  of  this  future  work  shall  be  to  establish  a list 
which  contains  the  dependence  of  the  model  parameters  and/^on  the  rl  ec  tro<iynamic 

characteristics  as  frequency  and  polarisation  as  well  as  on  geographical  charac t er i st i c s 
as  surface  covering,  seastate  «and  other  surface  properties. 
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GROUND  WAVE  PROPAGATION  IN  THF  PRESENCE  OF  SMOOTH  HILLS  AND  DEPRESSIONS 
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I.  INTRODUCTION 


Electromagnetic  waves  propagating  along  the  ground-air  interfa».e  are  influent  ed  marketil^  by 
terrain  features.  Previous  studies  have  dealt  extensively  with  abrupt  changes  in  surface  properties 
(modeled  in  terms  of  surface  impedance),  or  abrupt  changes  in  height  as  represented  by  precipitous 
hills  or  valleys,  on  the  convexly  curved  earth's  surface.  When  the  terrain  changes  gradually,  as  in  the 
presence  of  smooth  hills  or  depressions,  (Fig.  1),  it  is  necessary  to  consider  the  effects  of  variable 
concave  surface  curvature,  and  more  generally  those  of  a gradual  changeover  from  concave  to  convex, 
on  the  signal  propagation  cha  racte  ristic  s . Of  special  interest  are  the  fields  observed  on  or  near  the 
surface  when  the  source  is  also  situated  on  or  near  the  surface.  This  paper  is  concerned  with  a review 
of  earlier  work  on  the  concave  surface  problem,  and  with  a summary  of  our  current  effort  to  adapt  and 
extend  these  results  to  ground  wave  propagation. 

The  most  fundamental  difference  between  the  excitation  of  concave  and  convex  surfaces  of  large 
(compared  to  the  wavelength)  radius  of  curvature  is  the  absence'  in  the  former  of  a geometrical  shadow 
region,  from  which  the  source  is  invisible.  This  circumstance  gives  rise  not  only  to  a more  intricate 
geometric -optical  field  comprising  multiply  reflected  rays  (Fig,  2)  but  also,  in  an  alternative  guided 
wave  description,  to  the  presenc  e of  whispering  gallery  modes  which  c ling  to  tlie  surface  (Fig.  3)  and, 
in  the  absence  of  dissipation,  experience  no  attenuation.  Their  counterparts  on  a convex  surfavo,  the 
c reeping  waves,  lose  energy  by  tangential  shedding  along  the  propagation  path.  The  problem  is  compli- 
cated further  by  the  fact  that  ray  optics  is  incapable  of  providing  the  field  solution  since  the  caustics  of 
multiply  reflected  rays  pile  up  near  the  boundary  (Fig.  2)  and  thus  invalidate  the  geometric  -optical  field 
evaluation  there.  A field  representation  in  terms  of  whispering  gallery  modes  only  (with  inclusion  of  a 
continuous  mode  spectrum  for  some  surface's),  while  valid,  is  inc  on  venie*nt  for  calculation  for  large 
separation  of  source  and  observation  points  on  a large-radius  surface  since  the  number  of  modes  required 
can  be  substantial.  These  problems  do  not  arise  on  a convex  surface  where  the  distant  field  in  the  shadow 
region  is  represented  compactly  by  the  dominant  creeping  wave. 

To  gain  a bc'Uf'r  physical  as  well  as  quantitative  understanding  of  these  aspects  of  w<*ve  propagation 
on  a concave  surface,  intensive  stuciies  have  bec'n  carried  out  on  tht'  siniplest  prototype*  configuration,  the 
inte  rio r of  a pe  rfectly  reflecting  ci  ri-  iila  r c ylinde  r (KINBF  R,  B . Y 1 96 1 ; BABICH,  \ . M.  and  B L'  LD K F\  . 
V.  S.  , 1 972;  W AS  Y LKI WSK  Y J.  W.  , 1 975).  Th»'se  two-dimensional  field  calculations,  corresponding  to 
excitation  by  an  axial  line  source,  are  reviewed  in  Section  II,  A peculiarity  of  the  cylindrical  geometry 
is  the  presence,  in  addition  to  the  whispering  gallery  modes,  of  a continuous  guided  mode  spectrum 
which  arises  Ix'cause  of  spurious  reflections  from  the  radial  coordinate  origin.  Flimination  of  these 
spurious  contributions  leads  to  an  asymptotic  field  represc'ntation  in  terms  of  an  integral  which  can  be 
manipulated  so  as  to  exhibit  ray-optical  contributions,  whispering  gallery  mode  contributions,  a mixture 
of  these,  or  a formulation  vontaiuiug  a reduced  canonical  integral  analogous  to  the  Fock  integral  for  con- 
vex surfaces.  The  most  effective  choice  depends  on  the  parameters  of  the  problem.  The  results  so 
obtained  can  be  g«  neralized  to  apply  to  arbitrary  concave  surface  shapes  provided  that  the  radius  of  cur- 
vature changes  slowly  over  a wavelength  ir?terval.  The  validity  of  those  va  riable  - c u rvatu  re  solutions  has 
been  verified  by  comparison  with  exact  calculations  performed  for  a parabolic  contour  (BULDYRFV,  V.  M. 
and  LANIN,  A.  1.  , 1 975).  These  earlier  investigations  are  reviewed,  relevant  numerical  results  pre- 
sented and  their  physical  implications  discussed. 

We  have  extended  the  analysis  to  track  the  field  behavior  when  the  radius  of  curvature  of  a circular 
cylindrical  surface  between  fixed  source  and  observation  points  changes  from  concave  to  convex;  this 
transition  from  a curved  to  a flat  boundary  and  beyond  was  not  inc  luded  in  the  earlier  studies.  We  have 
also  introudeed  the  generalization  for  a lossy  ground  modeled  by  a surface  impedance  boundary  condition 
(Section  III). 

The  two-dimensional  results  arc-  useful  for  the  investigation  of  fields  with  broad  phase  fronts  that 
do  not  vary  appreciably  along  the  axial  direction  of  an  elongated  depression  (gulley)  or  smooth  ridge. 

When  the  incident  phase  front  is  strongly  curve*d,  as  is  the  case  when  a dipole  radiator  is  located  within 
or  near  the  ground  p<*  rtu  rbation,  it  is  necessary  to  calculate  the*  three-dimensional  fic*lds.  These  modifi- 
cations are  under  study. 

Still  to  be  explored  is  the  field  description  along  surface  contours  that  vary  smootlily  from  concave 
to  convex.  This  important  problem  is  presently  being  investigated,  as  is  the  extension  of  the  analysis 
to  three-dimensional  grounfl  perturbations  exemplified  by  spherical  depressions. 


This  work  was  performed  under  Contract  No.  DAHC  04  • 75 -G=0l  52,  U.  S,  Army  Research  Office  - 
Du  rham,  N.  C. 
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II.  FFRFFCTLY  CONDUCTING  CIRCULAR  BOUNDARY  (TWO- DIMFNSIONAL) 

A.  Green's  Function  Formulation 

We  sunimarize  here  the  results  obtained  in  the  literature  on  the  prototype  problem  of  line  source 
radiation  inside  a perfectly  condu«.tin)»  circular  cylinder  of  radius  a.  To  make  the  analysis  relevant  to 
the  propagation  along  concave  surfaces  in  general,  it  is  necessary  to  remove  the  azimuthal  periodicity 
imposed  on  the  fields  in  the  cylindrical  ^ = (p,0)  geometry,  where  p represents  the  radial  and  0 the 
angular  (azimuthal)  coordinate.  This  can  be  done  by  extending  the  range  of  the  0 coordinate  from  its 
physical  periodic  domain  0 ^ v 2tt  into  an  infinite  domain  -cc  0 v.  jr  (FELSEN,  L.  B.  and  MARCUVITZ, 
N.  , 1 97  5).  Such  an  extension  implies  that  angularly  propagating  waves  originating  at  the  source  point 
(p',0')  are  outgoing  toward  |0|  = <r;  this  "angular  radiation  condition"  can  be  realized  by  placing  at 
some  angular  location  away  from  the  source  angle  0'  a perfect  absorber  for  angularly  propagating 
waves.  Such  an  absorber  has,  howev’er,  the  undesired  property  of  generating  diffraction  at  the  radial 
coordinate  origin  p = 0.  Therefore,  when  considering  propagation  phenomena  ascribable  only  to  the 
cylinder  surface,  it  is  desirable  to  remove  the  spurious  diffraction  effects  from  the  total  field  solution. 

The  line  source  Green's  function  G(£,  £*)  in  the  cylindrical  domain  0 p a,  - jr  <-^  0 j- , can  be 
constructed  by  the  method  of  separation  of  variables  and  expressed  in  its  most  general  form  as  a contour 
integral  involving  the  two  one-dimensional  characteristic  Green's  functions  g^  and  g^  for  the  radial  and 
angular  domains,  respectively  (FELSF'N,  L.  B.  and  \1ARCUVITZ,  N.  , 1 97  5).  As  noted  in  Section  I,  when 
the  Green's  function  is  represented  in  terms  of  angularly  propagating  waves,  the  corresponding  eigenmodt* 
spectrum  in  the  radial  domain  involves  a discrete  (whispering  gallery  mode)  and  continuous  portion.  The 
latter  accounts  in  part  for  propagation  phenomena  associated  with  the  portion  of  the  c oncav'e  boundary- 
lying  between  the  source  and  observation  points  (this  is  desired  contribution),  and  in  part  for  the  spurious 
diffraction  effects  of  the  angular  absorber.  When  the  spurious  effects  are  removed  and  cognizance  is 
taken  of  the  high-frequency  nature  of  the  analysis,  one  may  show  that  the-  relevant  projiagation  character- 
istics along  the  portion  of  the  concave  boundary  lying  between  the  .source  point  Q and  the  observation 
point  P in  P'ig.  2 are  contained  in  the  partial  Green's  function  (BABICH,  V.  .M.  and  BULDYRFV.  F.  S.  , 

1 972) 


^o(C.C')  = - 
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i(TT  ka)“  C 


H'  '“’(kal  J'  (kal 
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svhere  k is  the  free-space  wavenumbc*r,  the  prime  on  the  cylinder  functions  denotes  the  derivative  with 
respect  to  the  argument,  and  a time  factor  exp(-iwt)  is  implied.  It  ha.^c  been  assumed  in  (1)  that  P and 
Q both  lie  on  the  boundary  (i.  e.  , p = p'  = a)  and  that  the  boundary  condition  requires  that  the  normal 
di-rivative  of  the  Grc*en's  function  vanishes  at  p = a;  this  makes  G^  proportional  to  the  axial  component 
of  magnetic  field.  The-  contour  C*  and  the  singularities  of  tlie  integrand  in  the  complex  i -plane  are 
shown  in  Figure  4.  Contributions  from  the  pole  singularities  ; arising  from 
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are  found  to  describe  whispering  gallery  mode.‘c.  While  (2)  has  an  infinite  nunibcT  of  real  solutions  as 
indicated  in  P'lg.  I,  only  those  with  Re  i • 0 n*present  sjH'ctral  contributions  in  the  angular  trans- 
mission representation  which  includes  also  a continuous  spectrum. 

I^.  Ray  -optic  al  Representation 

The-  integralin  (1  ) may  be  dealt  with  in  various  ways  which  <*xhibit  the  role  of  whispering  gallery 
modes,  ray-optical  fields,  or  a combination  of  these,  as  noted  in  Section  I.  If  an  evaluation  is  sought 
by  the  m<-thoc|  of  steepest  dt-sient,  one  replac  es  H^'  and  Jj'  = (H*  ***  + H^'  2 )>y  their  Debye 

asymptotic  forms 


[ jt  ^ ' ^*(l<a ) * J ^ *n^ka^  exp  | t ika  os  w - (-^  - w ) sin  w j f i ^ | 

Re  w . 0.  I ka  ^c  os  w - - w)  sin  w j I 'V-  1 

where  i = ka  sinw.  I’tilizing  the  traveling  wave*  expansion 
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in  lonjunttion  wit)i  (5),  one  rc’rlut’ns  (1)  to  a sorios  of  into,4rals 
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J ‘-xp  fika  q^(w)]  <lw 
n = 0 C 


(5) 


wbf  re 


4j^{w)  = lo  - 0'|  sinw  + 2(n+l)  eo«w  - (-^  - w)  sinwj 


(6) 


The  saddle  points  of  q^(w),  as  obtained  from  dq^/'dw  = 0,  are 
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sn 


n |g)  - o'  I 

2 2(n  + l) 


(7) 


and  thus  lie  on  the  real  w axis  between  w = 0 and  w = rr/2.  A typical  path  through  the  nth  saddle^ 
point  is  shown  in  Figure  5.  The  original  path  mapped  from  the  i plane  can  be  deformed  into  C^.  The 
Debye  approximations  in  (3)  are  valid  in  this  relevant  region  of  the  complex  w-plane.  Use  of  the  conven- 
tional saddle  point  formula  for  evaluation  of  the  integral  in  (5)  then  yields  the  geometrical  ray  series 
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where 


(8) 


= 2(n+l)  a sin  (|d)-<^>'|  / 2(nM}) 


(8a) 


each  term  of  which  corresponds  to  a direct  or  multiply  reflected  ray  as  depicted  in  Figure  2(a).  The 
result  in  (8)  could  have  been  constructed  directly  by  ray-optical  techniques. 


C.  Mixed  Ray-optical  and  Whispering  Gallery  Mode  Representation 


Although  the  series  in  (8)  formally  contains  ray  contributions  with  an  arbitrarily  large  number  of 
reflections,  these  are  suspect  since  the  saddle  points,  from  which  they  are  derived  all  cluster  about 
w = TT  / 2.  Thus,  the  asymptotic  method,  whereby  each  saddle  point  is  treated  as  isolated,  is  inadequate. 
Moreover,  (3)  becomes  invalid  as  w— ►tt/2,  thereby  invalidating  the  simplification  of  the  integrand,  on 
which  the  saddle  point  evaluation  is  based.  It  is  therefore  necessary  to  truncate  the  number  of  legitimate 
ray-optical  terms  at  some  n = N such  that  Wgj^j  is  sufficiently  less  than  tt/2.  With  this  in  mind,  one 
employs  instead  of  (4)  the  partial  expansion 
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When  (9)  is  substituted  into  (1),  one  may  write 
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whe  re 


oN 


is  given  by  (“3)  with  the  series  truncated  at  n = N, 
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where  i - ka  sinw.  Tfu'  asymptotic  evaluation  of  t’vidently  yields  ray  contributions  having  expe - 

rien<  ed  u]>  to  N reflections.  The-  remainder  integral  R^-  incorporates  the  cumulative  effects  of  ray 
fields  having  been  refle«  ted  more  than  N tinies.  It  should  be  noted  that  when  the  observation  point 
approac  he.s  the  sourie  point  so  that  |0  - 0 ’ I 0.  one  has  Wj.— tt  2 even  for  n = 0 and  the  ray  repre- 
8<*ntation  fails  altog<’ther. 

.Several  options  are  op<'ti  for  dealing  witli  R^^.  One  possibility  is  to  deform  the  integration  path  so 
as  to  minimize  |R;s^|.  It  is  <ieformed  into  in  b ig.  M residues  at  the  poles  i of  the  integ rand 

lying  betwc*en  f'.'  an^t  must  be  extracted.  Thus,  noting  that  r = -1  at  i (see  (2)  and  (4)), 
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with  i^rn=ka  sin  and  being  the  same  as  except  for  the  replacement  of  C by  C.,.  Each  term  in 

the  series  represents  precisely  one  of  the  whispering  gallery  modes  which  make  up  the  discrete  spectrum 
in  the  previously  mentioned  Green's  function  representation  in  terms  of  angularly  propagating  waves. 
Since  w^^.j<tt/2.  one  may  employthe  Debye  approximation  in  ( 3)  to  simplify  (12).  Thus,  from  (10)  and  (12), 


^o  ^oN  ^ ^oM  ^ ^MN  * 

D.  Whispering  Gallery  Mode  and  Continuous  Spectrum  Representation 

The  spectral  representation  comprising  the  total  discrete  (whispering  gallery  mode)  portion  and  a 
continuous  portion  may  be  obtained  directly  (roni  (1  ). 

As  remarked  in  Section  A,  only  those  pole  singularities  having  i v 0 yield  spectral  contributions 
in  the  angular  transmission  representation.  When  C in  Fig.  4 is  deformed  into  a contour  extending 
along  the  imaginary  i axis,  all  necessary  pole  singularities  are  picked  up  and  one  is  loft  with 


G 

o 


oM 


1 

i(TT  kal" 


+i.r 

/ 


- 


H|  *“’(ka)  .V  (ka) 


(15a) 


where  is  given  by  (1  i)  and  M is  the  total  number  of  poles  satisfying  Re  ; 0.  The  second 

member  ol  (I“'a)  is  the  continuous  spectrum  mentioned  in  Section  A except  that  the  spurious  diffrai  tion 
effects  of  the  angular  absorber  arc  not  present.  By  methods  similar  to  Wasylkiwskyj  (WA.SVI.KIW  SKV.T, 
W.  . 197t>l,  this  integral  may  be  simplified  considerably  to 
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which  is  valid  for 


lo  - <? ' I 


arbitrarily  small. 


It  is  also  pointed  out  that  (1  Sb)  may  be  written  as 
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where  is  the  Struve  function  and  Y the  Neumann  function  which  provides  the  correct  singular 
behavior  as  O O'  . ^ 

i'-.  Optimum  .Mix  of  Rays  and  .Modes 

The  utility  ol  the  mixed  ray  - mode  re])resenlation  in  (14)  depends  on  the  best  choice  of  N and 
hence  .\1  so  as  to  minimize  R \i\  and  render  it  negligible.  Ttilizing  the  asymptotic  approximations  in 
(5)  to  simplify  the  integrand  of  R,yr\.  Wasylkiwskyi  (WASYLKIWSKYJ,  VS’.  , ( 975)  ha.s  concluded  that 
R.\1N  ‘ “tti  be  neglected  at  observation  points  characterized  by  («'M+w;c.jei)  2,  i.  e.  , for  saddle 

points  well  removed  from  the  pole  singularities.  The  justification  is  fairly  ioose  and  requires  further 
study.  It  IS  likely  that  a precise  choice  is  unimportant  for  very  large  ka  and  large  .separation  of  source 
and  observation  points.  However,  for  mod,. rate  values  of  ka,  or  when  the  observer  approaches  the 
sourc  e,  the  problem  must  be  addressed  in  a different  manner. 

Returning  to  the  original  expression  for  in  (1  1,  one  may  explore  under  what  conditions  tiu‘ 
contributing  range  of  the  integrand  is  localized  .so  that  approximation  methods  may  be  used  effectively. 
To  this  end,  the  cylinder  func  tions  are  first  replac  ed  bv  their  uniform  asymptotic  approximations  in 
terms  of  Airy  fun.  lions: 
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Re  w > 0 
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T = — (cosw-(  — -w)sinw) 
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When  T (ka)  > >1,  these  representations  reduce  to  those  in  (3).  Examining  the  behavior  of  the 
integrand  over  the  contour  C in  the  i -plane  or  the  contour  C’  in  the  w-plane,  Babich  and  Buldyrev  have 
shown  (BABICH,  V.  M.  and  BULDYREV,  V.  S.  , 1 972)  that  the  principal  contribution  to  the  integral  arises 
from  the  vicinity  of  r = ka  or  w = tt/2  provided  that  the  arc  length  parameter 
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is  bounded  by  the  inequality 
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where  A is  a quantity  of  0(1)  (or  moderate  Ita  and  6 is  small  and  positive.  Then  changing  variables  to 
t via 
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and  using 
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w.,(t)  = Ai(t)  + 1 Bi(t) 
one  may  write  in  the  form 
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where  the  contour  C in  the  t-plane  is  inferred  from  (20)  and  Fig.  4 by  observing  that  i « ka  corresponds 
to  t = 0 (note  that  the  mappings  tj.^.j  and  tp  of  j and  i p,  respectively,  signify  the  zeros  of  Ai'(t)  and 
w[)(t).  Extracting  ray  optical  contributions  as  in  (10),  when  relevant,  the  form  for  analogous  to  (II) 

becomes 
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Buldyrev  and  Lanin  state  as  a criterion  for  the  inclusion  or  not  of  the  ray-optical  series  G^^jj  the 
inequality 


^ (^)  -I  x(N  + l)x  
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(23) 


with  ^ taken  as  (1/21).  When  the  left-hand  side  of  the  inequality  is  negative,  no  ray-optital  contributions 
are  included.  The  canonical  integral  Rjyr  in  (22)  has  been  tabulated  for  N = -I.  0.  2 (BULDYREV,  V.M. 
and  LANIN,  A.  I.  . 1 97S). 

Ref.  2 actually  deals  with  the  Dirichlet  problem  ~ 0 boundary.  The  val'dity  of  oxaitly  the 

same  condition  for  the  Neuniann  fumtion  used  here  remains  to  be  checked. 


F.  Near  Field  and  Infinite  Plane  Limits 
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The  preceding  results  cannot  account  for  the  limiting  tase  Y ^ (Ih),  whit  h arises  either  whi*n 

the  observation  point  approaches  the  source  point  (s  “♦  0 with  ^ fixed)  or  when  the  radius  of  turvature 
becomes  arbitrarily  large  (a  — of  with  s arbitrary  but  fixed).  The  latter  limit  traces  the  transition 
from  a concav'e  to  a plane  surface  and,  if  a is  allowed  to  become  negativ'e,  from  concave  to  convex.  We 
have  derived  the  transition  functions  for  these  cases. 

We  begin  with  Gq  in  (2t)  and  use  the  Wronskian  relation  for  the  Airy  functions  together  with 
Cauchy's  theorem  applied  to  the  upper  half  of  the  t-plane  to  infer  that,  equivlemly. 
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with  the  contour  C passing  below  the  real  t axis.  Re^^arding  the  integral  in  (24)  ax  a Laplac  integral, 
the  principal  contribution  for  small  "y  arises  from  the  ran^e  of  lari'**  t*  Shiftin*;  th**  tontour  C'  so  that 
this  is  satisfied,  and  employinR  large  argument  expansions,  one  may  show  that 
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Then  by  Laplace  inversion  of  (24), 
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Actually,  the  inversion  yields  for  the  factor  outside  the  braces  the  large  argument  approximation 
of  (i/2)  the  Green's  function  for  an  infinite  perfectly  conducting  plane.  by  inserting  the  exact 

limiting  value  for  a -*  Jt  , the  formula  in  (2n)  may  be  applied  as  well  in  the  near  field  of  the-  source. 

To  trace  the*  transition  from  concave  to  convc’X  curvature  when  the  distance  s along  the  surfac  e 
remains  fixed,  we  allow  a to  change  continuously  from  positive  to  negative  values  via  the  complex 
excursion  0 ^ arg  a ^ . To  keep  a = a|(^)-(^M  positive,  it  is  iiec  essary  simultaneously  to  have 
arg  |(^  " arg  a . Moreover,  one  must  continuously  deform  the  integration  path  in  the  complex 

t-plane  to  keep  the  integral  convergent  (expliyf^  oscillatory)  when  y is  allowed  to  become  complex 
ac'cording  to  the  rules  stated  above.  Thc’sc*  c oncle  ration.s  lead  to  a straight  line  patli  along  wliic  li 
argt=  -TT/i,  2tt  i,  when  arga  = tt  . Changing  variables  t = p «-xp(i2tt  5),  one  finds 
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where*  Y is  again  given  by  (181  and  the  path  < jj  procc*eds  along  tlie  real  p axis.  Tlie  expression  in  (2i) 
is  the  known  r<*sult  for  the*  field  on  tin*  surface  ot  a convex  perf<‘ctly  conducting  cylinder,  by  contour 
deformation  about  the  singularities  Pp  at  wj  (p  ) = 0.  one  derives  l)ie  i ree])ing  wave  series,  anej  by 
♦■xpansion  analogous  to  (2*^)  and  Laplace  inveTslon  the*  limiting  transition  as  y — 0 (H-*\SSKRJ1AN,  G. 
anel  ISHIMAHU,  A.  . 1 972).  Thus,  one  may  track  the*  field  continuously  as  the  curvature*  change-s  from 
concave*  to  convex  h<*fwe*#*n  fixed  sourc  e and  oh.servation  points  on  the*  surfa«  e*. 

G.  Gene*  rahzation  to  Variable*  (.'.u  rvatu  re* 

Invoking  the  prin' iple  of  locality,  which  c ha  rac  te  rize*s  high  fre*c|uency  pro]iagation  and  diflraction, 
one  may  gene-ralize  the  pre>  eding  re*sults  to  accommodate  c oiu  ave  surlaces  with  slowly  varialilt*  radius 
of  curvature  a(s).  The  r<*suUs  are  as  follows.  For  the*  inte*gral  representation  in  (21  ): 
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wh**r<*  th**  sDuri**  point  is  lo*  ,it.*d  at  s = 0,  s is  thi*  distan.  **  h**tw,***n  thr  sour*  **  and  ohs** rvation  points 
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RiSl  in  (J2)  IS  trt-atod  in  tht*  samt*  manner  (BABICH,  V,  \1.  and  BL'LUVRFV,  \.S.,  1972).  As  D(s)  — 0. 
with  s small,  one  n\ay  derive  the  generalization  oi  (2h), 
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Thf  ray-optical  series  in  (I  01,  with  (8),  beiomes  (BABICH,  V.  M.  and  BL'LDVRKV,  V.  S.  , 197d| 
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where  Dj,  is  the  diverpenee  coefficient  incorporating  the  effects  of  surface  curvature. 
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with  the  surface  radius  of  curvature  and  Oj  the  ray  angle  with  respect  to  surface  normal  of  the  i-th 
reflection.  Finally,  the  asymptotically  approximated  (sec-  (5))  whispering  gallery  mode  series  in  (13), 
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it  should  bt*  noted  that  (28)  cannot  be  used  when  a(s)  c hange's  continuously  from  positive  to  negative 
values  unless  the  source  is  located  near  the  inflection  point  a = jt  , where  (30)  and  its  convex  counterpart 
applies.  The  failure  of  (28)  for  arbitrary  source  location  on  the  i oiu  ave  portion  arises  from  the  fact 
that  the  function  f(s)  — ^ as  s nears  the  inflection  point.  On  the  other  hand,  D remains  finite.  The 
coefficient  nullifies  the  finite  integral. 

H.  Numerical  Results 

Some  numerical  calculations  in  the  literatur<*  illustrate  the  utility  of  the  various  representations 
for  the  Green's  function  Gq.  Wasylkiwsky j (WASYLKIWSKY J,  W.  , 197S)  has  evaluated  the  field  on  a 
concave  circular  perfectly  conducting  surfa<  e liy  summing  the-  w'hispering  gallery  mode  series  and  the 
continuous  spectrum  contribution  in  (1^)  (Figure  6).  Although  he  employed  this  method  of  computation, 
the  interpretation  of  the  result,  as  stated  by  him,  is  in  fact  achieved  via  the  ray -optical  formulation 
since  the  oscillations  in  the  curve  are  due  to  interference  between  the  direct  ray  and  reflected  rays. 
Wasylkiwskyi  observes  that  the  mixed  representation  in  (14),  while  useful  for  interpretation,  offers  no 
numerical  advantage.  It  appears  nevertheless  that  this  aspect  would  warrant  further  study.  When  ka  is 
changed  the  corresponding  curve  for  iG^jl  may  be  obtained  from  that  in  Fig.  6 by  a scaling  law- 
(W'  ASY  LKIWSKY  J.  W\  , I 97  h),  thus  making  a typical  curve  unive  rsal  for  othe  r cases. 

When  ka  and  (or)  y is  relatively  small,  it  is  appropriate  to  explore  the  representation  in  (lO). 

This  was  done  by  Buldyrcv  and  Lanin  (BULDYRF'V.  V.  M,  and  LANIN,  A.  I,  , I 97^1)  for  a concave  surface 
of  parabolic  shape,  for  which  the  asymptotic  results  i ould  be  checked  against  the  exact  series  solution. 
The  calculation  utilized  tabulated  values  for  G^  in  (28)  or  in  (22)  (w'hen  generalized  as  in  (28)  to 

variable  curvature),  and  the  ray  series  in  (3l).  w-ith  N determined  from  (23)  (y  there  is  replaced  by 
kD).  One  observes  from  the  typical  curve  in  Fig,  7 that  the  asymptotic  representation  in  (28),  when 
modified  to  account  for  the  different  boundary  condition  on  does  not  aclequately  predict  the  field  for 

kD  so  large  that  a ray-optical  term  can  be  separated  out.  As  kl)  inc  reases  further,  each  formula  with 
a lower  N value  than  permitted  is  less  accurate  than  that  with  the  correct  N value.  This  demonstration 
shows  indeed  the  important  role  played  by  the  geometrical  optics  field. 


III.  CONCAVE  BOUNDARY  WITH  SURFACF:  IMPFUMNCF:  CONDITION 


To  address  the  problem  of  ground  wave  propagation,  we  assume  that  the  gremnd  characteristics  can 
be  taken  into  account  by  a constant  surface  impedance  Z.  For  the  circular  cylinder,  this  implies  the 
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wht-rt*  C IS  t!u*  in\pt*dancf  of  frt“<*  spatt*.  By  prot  fodinji  in  Section  II,  one  may  show  that  th<*  following 
inodifit‘d  I'xpressions  apply: 


Instead  of  (1  ), 


G = 


f J r i> 


I O I til 


i(TTkal'  ■'  *“\ka)  - iZ'ti^'“*(ka)]  (kal  - iZ'J^  (kalj 


Instead  of  (4),  the  traveling  wave  expansion  involves 
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with  corresponding  modifii  ation  of  (^).  The  saddle  points  in  (7)  are  unchanged,  and  the  ray-optital 
series  (K)  becomes 
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where  is  the  boundary  reflection  coefficient  for  ray  species  n, 
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The  whispering  gallery  mod<*  series  is 
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where  the  summation  extends  over  the  zeros  i defined  by 
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The  remainder  term  (11)  becomes 


= 

N 


ka  c‘ 


ika|d)-(f)'|  sinw  N + l 
e ' ^ ^ ' (r 


*^Nka)  - iZ'n|^Nka) 


) h' 


, , . >N31  1 

) ( - 1 ) <■  OB  w dw 


(ka)  - iZ'J  (ka) 


where  r is  ^iven  by  (i9a).  The  analo^iue  of  (21)  becomes 
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where  a - Z'  (-;y)  . Under  the  same  conditions,  one  has  for  Rj^  in  (22), 
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Employing  the  Wronskian,  the  field  may  be  put  in  the  form  of  (24) 
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The  perturbation  expansion 
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leads  from  (44)  to  the  representation 
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thereby  generalizing  (2t)). 
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DISC  I SSION 


K . I'  ■ rpc  kc  r : In  i cilmnn  shoKCiI  thnt,  in  t1:c  cnsc  of  nn  ilonlly  coniUictinr  "spV.cro, 

tlio  continuous  spectriip  is  vani  <;h  i nr. . Is  thorc  in  your  cnso  n connection  ui  tli  the  sinn 
of  curvature  of  an  i leally  conduct  inr,  surface  and  the  existence  of  a continuous  spectrur? 

I.  ■ P.  ■ Fo  I sen : The  existence  or  nor  of  a continuous  spectrun  depon  Is  on  the  choice  of  the 
represen  t a t i ve  theoreit,.  In  the  prohlen  udiich  I discussel  in  cvlindrical  yeos'etrv,  the 
fiel<l  was  represented  in  terns  of  angularly  propayatine  wavos  in  an  infinity-extended 
annular  space.  Therefore,  the  spectra  I -theoren-  lias  to  i-e  developed  for  the  radial  dorain. 
For  the  interior  of  the  cylinder,  with  the  oriyin  (cylinder  axis!  .accessible,  one  finds 
both,  a discrete  and  a continuous  spectrun.  I'.'hen  the  oriein  is  shielded  by  another  cv- 
lindrical boundary,  the  spectrun  is  purely  discrete. 
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FUMMAR V 


The  source  of  the  electromagnetic  field  is  assumed  to  be  a vertical  electric  dipole  at 
height^  above  the  surface  of  the  plane  earth  with  arbitrary  time  varying  moment.  The 
problem  of  finding  the  transient  field  of  this  dipole  when  the  earth  is  allowed  to  be 
slightly  rough  is  solved  by  means  of  a perturbation  analysis,  repeated  application  of 
integral  transforms  and  their  inversion  on  the  \>ase  of  Cagniard's  method  with  the  modi- 
fication of  de  Hoop. 

1 . INTRODUCTION 

In  both  telecommunication  and  in  applied  geophysics  one  is  often  confronted  with  the 
problem  of  discussing  the  influence  of  the  earth's  roughness  on  the  propagation  of 
electromagnetic  waves.  The  need  for  the  transient  response  of  rough  surfaces  arises 
when  pulses  of  nano-secoml  durations  are  being  transmitted;  i.e.  when  these  signals 
may  no  longer  be  single  frequency  harmonics  but  broadband  pulses.  This  case  requires 
familiarity  with  propagation  induced  distortion. 

The  authors  are  not  aware  of  any  approach  to  this  special  theme  although  the  monochro- 
matic problem  has  been  treated  in  «ietail  (BFCKMANN,  P.,  SPI77ICHTN0,  A.,  I^t'3,  AGARD); 

a recent  paper  (iflfGHIS,  , .1 , , WAIT,  *7 . R . , 1^73),  for  instance,  deals  with  the  effective 

wave  tilt  over  a laterally  inhomogeneous  two-layer  earth.  The  technique  used  in  this 
paper  involves  a perturbation  method  to  find  effects  of  a sinusoidal  boundary  with 
small  undulations  upon  an  incident  plane  wave.  Here,  as  in  (BKCKFR,  K.-D.,  e t.  al,,1Q73) 
we  will  discuss  the  case  of  a dipole  source  above  a widely  arbitrary  rough  surface  Sf»pe- 
rating  two  media  of  real  wave  numbers.  We  also  start  witli  a perturl>at  i onal  series  ex- 
pansion for  the  total  e 1 ec  t romagne  t i c fields  which  leaiis  to  i nhom<^geneous  transition 
conditions  for  the  disturbed  fields  alone:  the  roughness  of  the  earth  is  transformed 
into  equivalent  surface  currents.  These  currents  can  be  given  in  terms  of  the  flat  ea  rtli 
reflected,  i.e,  undisturbed  fields  if  the  perturbation  series  is  truncated  after  its 
first  term  (BF.CKFR,  K.-D.,  et  al,,  1^75)*  thus  yielding  results  in  the  time  domain 
which  do  not  describe  the  early  time  behavior  of  the  transient  response;  it  can  be  made 
physically  clear  that  the  truncation  of  the  scries  is  only  valid  for  times  greater  than 
the  travel  time  corresponding  to  the  roughness  amplitude.  Then  for  the  sake  of  relevant 
results,  the  duration  of  the  exciting  impulse  must  be  large  compared  to  that  travel  time. 

Now  the  application  of  a Laplace  transform  and  a two-dimensional  Fouriei  transform  to 
the  wave  equation  for  the  first-order  disturbed  fields  leads  to  an  integ  al  represen- 
tation in  the  Laplace  transform  space  with  unknown  integration  constants.  Tf  the  func- 
tion which  accounts  for  the  roughness  is  decomposed  Into  its  spectral  components  the 
shifting  theorem  yields  explicit  expressions  for  these  constants.  TJsing  Cagniard's 
method  (CAONIARI),  I,.,  1919,  DE  HOOP,  A.  T.,  1959,  FFLSEN,  I..  H.,  1965)  the  above-men- 

tioned  integral  represen t a t i on  can  he  changed  to  an  explicit  laplace  integral  if  cer- 
tain restrictions  concerning  the  roughness  profile  are  assumed:  the  profile  mxist  be 

one-rli  mens  I ona  I and  band- 1 imi  ted , the  maximum  spatial  freqtiency  component  being  small 
compared  to  an  expression  implying  essentially  the  reciprocal  of  the  t ran sm i t t er- re- 
ceiver distance.  Then  the  solution  in  the  time  domain  can  be  read  off  yielding  convolu- 
tion integrals  for  arbitrary  time  varying  dipole  moment.  These  integrals  have  been 
numerically  evaluated  by  means  of  the  fast  Fourier  transform,  tlnis  yielding  first  order 
corrections  of  the  time  history  of  the  reflected  field  if  a dielectric  surface  is  allo- 
wed to  be  slightly  rough. 

2.  MATHEMATICAI,  FORMULATION 

The  plane  earth  Is  described  through  the  half-space  / <0  (medium  l)  and  the  atmosphere 
through  the  half-space  /.  > 0 (medium  2)  in  a cartesian  coordinate  system  (x,y,/) 

(Fig.  l).  The  fields  which  belong  to  the  two  media  are  marked  by  corresponding  iftdices; 
the  source  of  the  field  is  assumed  to  he  a vertical  electric  dipole  at  the  point 
x*ys0,  U wltose  moment  is  given  by  H(t)  e , t being  the  time  and  e_  a 

unit-vector  in  the  7-direction,  Regarding  H(t)  we  mal<e  the  causality  assumption 
H( t ) 5 O for  t < O. 


VUf  fit*  1(1  stren^^ths  (x,y,/,t),  11^  (i  = 

rt'sult  Fi'om  sinoolh  earth,  lor  the  total  I'ield  strerif'ths 
postulate  a pertui'hation  series  of  the  fo rm 


1,2)  are  those  which  would 
in  case  of  a rouf^h  surface  we 
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The  arhiti-ai-y  function  f(x,y)  is  considered  to  have  continuous  derivatives.  A formula 
similar  to  (1)  holds  for  the  niaf^netic  field  stren^jth  (x,y,z,t).  These  total 

fields  fulfill  the  wave  equation  in  the  two  media,  for  instance 


tot  V, 


±_  ^ ^ 
I 


>.vl 

lot 


1=  ( 


■Coy  \ = 1 


(3) 


- i/x 

where  v = ( £.  0 £ \ o v ) denotes  the  plinse  velocity 

vacuum  permittivity  and  permeaV)  i 1 i ty , respectively;  t 
lative  constants.  We  as sume  |^«  = ^ (3)  (5(x, 

Once,  this  equation  is  solved,  iTtVt'  (x,y*/»t) 
hoth  total  fields  must  satisfy  the 
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) is  the  delta-distribution, 
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Fspecially  we  have 
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These  conditions  and  the  causality  assumption  f?uarantee  the  uniqueness  of  the  total 
f i e 1 rl  s , 

?,  MFTHOI)  OF  SOMITTON 

laplace  transforming  (3)  with  I'espect  to  time  yields  under  consideration  of  the  initial 
cond i t i on  s 
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s beiHfj  the  vaj^iable  in  the  transform  space  and  e (x,y,z,s),  h(s)  denoting?  the 

transforrns  of  V (x,y,z,t)  and  H(t),  respectively. 

Further  application  of  a two-dimensional  Fourier  transform  with  respect  to  x and  y 
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whe  re 
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Concerning  the  undisturbed  fields,  the  solution  of  (7)  Regarding  (p)  - (12)  with  res- 
pect to  the  Laplace  transformed  transition  conditions  (6)  is  the  wellknown  Sommerfeld 
solution 
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Similar  expressions  can  be  derived  for  e^  , but  they  will  not  be  given  here,  since 
we  restrict  our  attention  to  medium  2. 

The  first  term  of  the  integrands  in  ( 1 ■'( ) - (l6)  is  the  primary  field,  the  second  term 
denotes  the  diffracted  field  for  plane  earth,  and  c^j^  corresponds  to  the  Fresnel  re- 
fleet i on  coefficient. 

Th e twice  transfo rniecl  disturbed  fields  mu st  satisfy  homogeneous  equations  (d)  — (l2); 
their  solution  in  the  T aplace  transform  space  takes  the  form 


with  arbitrary  integration  constants  A ( tx.  , ^ , a).  To  determine  these  constants 

the  transition  conditions  ( ) are  expanded  in  a Taylor  series  around  z = 0|  comparing 
coefficients  with  respect  to  powers  of  S results  in  irjiomogeneous  transition  conditions 
at  z = 0 for  the  disturbed  fields  alone,  for  instance  for  the  first-order  disturbed 
fields 
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rt  is  interesting  to  note  that  these  I aplace  transformed  first-order  surface  currents 
are  proportional  to  the  difference  of  the  Inverse  squared  phase  velocities,  to  the 
amplitude  of  the  deformation  function  f(x,y)  and  to  the  third  and  forth  power  of  s, 
respectively.  The  resulting  expressions  for  the  Laplace  transformed  first-order  distur- 
bed fields  - their  derivation  being  described  below  - and  hence  the  second-order  sur- 
face currents  make  it  obvious  that  the  perturbation  series  can  be  truncated  after  its 
first  term  if 

^ i (25) 

^here  denotes  the  maximum  roughness  amplitude  and  '5’s  is  the  polar  angle  of 

»s  , the  vector  from  the  plane  earth  image  source  to  the  point  of  observation 
(see  Fig.  1),  The  occurrence  of  coa^^  in  (25)  is  due  to  the  fact  that  the  Laplace 
transformed  disturbed  fields  decrease  with  increasing  transmitter-receiver  distance  by 
(cosAjj  ) , >7  being  the  perturbation  order. 

If  no  total  reflection  is  allowed,  i.e,  , the  truncation  criterion  (25)  means  in 

the  time  domain 


where  tg  is  the  travel  time  corresponding  to  R5  . The  physical  meaning  of  (26)  is 
the  following!  the  roughness  results  in  an  uncertainty  of  the  situation  of  the  dipole's 
image  given  by  A z and  this  distance  uncertainty  yields  a travel  time  uncertainty 

t to  the  point  of  observation.  Since  the  truncation  of  the  perturbation  series  ex- 

cludes the  early  time  behavior  of  the  rough  surface,  it  is  suggestive  to  consider  only 
pulse  durations  T,  which  are  large  compared  to  i 

The  Laplace  transformed  inhomogeneous  transition  conditions  (19),  (20)  for  the  first- 
order  disturbed  fields  in  the  Laplace  transform  space  toother  with  (21 ) - (2k)  result 
in  a system  of  integral  equations  for  the  components  of  { oL  , , s ) which  can  be 

transformed  into  a system  of  linear  equations  by  means  of  the  two-dimensional  Fourier 
transform,  yielding  for  the  Laplace  transformed  disturbed  field  components  (the  index 
1"  has  been  dropped) 
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where  ^J«  , ^ are  tlie  two-dimensional  Fourier  transforms  of  g^  , g-  , 1^,1^, 
In  case  of  a band-limited  one-dimensional  roughness  profile  f(x),  whose  spectral  decoti 
position  is  given  by 
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The  term  witli  (x,y,z,\,s)  is  due  to  % X which  occurs  In  • 

In  the  following  we  want  to  apply  Cagniard's  method  in  the  modification  of  de  Hoop  in 
order  to  get  (**ytt,t)  from  the  two-dimensional  Fourier  integral  (33). 

h.  APPl.TCATTON  OF  CAGNIAHD'S  METHOD 

The  essence  of  this  method  is  to  change  the  integral  representation  (33)  to  an  expli- 
cit Laplace  integral  (CAGNIAHD,  L.,  1939,  HE.  HOOP,  A.T.,  1959,  FELSEN , L. , 1965).  In 
order  to  apply  this  idea  we  must  eliminate  the  s-dependence  of  the  exponential's  fac- 
tor in  ix  (x,v,z,3c,s)  and  j ( x , y , z , X , s ) . Therefore  we  define 
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is  defined  analogously. 

It  will  be  shown  below  that  the  appropriate  choice  of  « simply  yields  t > t_  ♦ t , , an 
assumption  we  already  postulated  to  truncate  the  perturbation  series. 

Now  we  restrict  the  bandlimits  of  F(x)  by 

I ^1  “ "<  C,) 

then  for  IV''^  and  lReixl>».  we  have  ( (x.  - ^/s)~tt  an  hence  from  ( 3l< ) and  (38) 
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The  above-mentioned  s-dependence  is  thus  eliminated  resulting  in 
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The  intef^rand  of  (^O  has  no  branchpoints  and  no  poles  in  the  complex  -plane  for 
real  So  we  can  change  the  integration  path  from  the  real  oC  -axis  to  the  hyperbola 
on  which  the  function  f(oi.  t '^  ) = ^ is  real  and  positive  and 
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path  f(ix,^)  = t yields  (see  Fig.  2) 
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Integrating  (4l)  along  the  hyperbolic  integration  path  and  changing  the  order  of  inte- 
gration yields  ( DF  HOOP,  A.T.,  1959,  LANGENBERO,  K.J.,  1974)* 
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where  we  have  introduced  the  new  variable  trough 
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From  (^5)  we  have 
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Ir  la  Iiiiitaratood  that  the  asterisk  "•"  means  the  convolution  operation.  Eq . (51)  is 

> a I Hi  provided  ll(f>)  • 0,  dH/dt|^_^=  O,  d^  Il/dt*  = 0,  d ■“  H/dt^  j^  = O. 

-Hire  our  original  assumption  was  t > t^^  + t^  we  finally  get  the  result 
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In  a similar  way  an  expreasion  for  F d.  ^ (x,0,z,t)  can  be  derived;  for  y 

I in  identically  zero.  ‘ 
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0 we  find  that 


The  most  slgnifirant  restriction  concerning  the  validity  of  our  theory  is  equ.  (39). 
Together  with  (Sl)  and  {Uf,)  it  relates  the  maVlraum  wavelength  ,A- = 2'X of  the 
roiigtiness  profile  and  the  transmitter-receiver  distance  ti  ough 
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i.e.  rapid  oscillations  of  the  roughness  are  not  allowed^  On  the  other  hand,  we  are 
able  - at  least  for  large  times  - to  relate  directly  the  roughness  spectruru  and  its 
transient  response  by  (51),  ('>2)  and  (53)  respectively.  For  instance,  if  the  rough- 
ness profile  is  an  even  function,  the  second  term  (53/  of  the  transient  response 
vanishes.  Once  the  real  parts  of  the  integrals  (52)  and  (53)  have  been  computed,  the 
special  influence  of  the  roughness  consists  merely  in  a multiplication  with  its  inte- 
grated spectrum. 

For  numerical  evaluation  we  chose  the  profile 


which  yields 
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and  the  special 


initial  pulse  function 
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which  describes  a un i t s t ep” - func t i on  with  finite  rise  time  T,  where  T t^^  • The 
convolution  integral  ( 5 "*  ) has  been  evaluated  by  means  of  the  fast  Fourier  transform 
algorithm.  Fig.  3 to  Fig.  6 show  the  polar  component  E (x,0,z,t)  of  the  reflected 
and  disturbed  fields  as  function  of  the  normalized  time  t - ts/tp  , where  tp  is  the 
travel  time  from  the  source  to  the  point  of  oV^serva t i on . The  field  strengths  are 
normalized  to  t)>e  maximum  of  the  undisturbed  field. 

The  primary  far-field  of  a dipole  in  free  space  is  proportional  to  the  second  deriva- 
tive of  (5*^^);  based  on  the  same  procedure  as  described  alcove  for  the  disturbed  fields 
the  numerical  results  show  that  the  earth  reflected  field  is  also  proportional  to  the 
second  derivative  of  H(t),  a fact  which  is  shown  in  Fig.  3 to  Fig.  6,  whereas  the 
disturbed  field  is  somewhat  proportional  to  the  third  derivative  indicated  by  tlie 
maximum  for  large  times.  Tlie  relevant  time  interval  of  the  disturbed  fields  - that  is 
to  say  where  our  theory  holds  - begins  at  ^ ~ = t . For  smaller  times  these 

fields  are  set  to  zero.  The  above-mentioned  Figures  also  show  tlie  total  fields  for 
times  t - t foi"  several  t ransm  i 1 1 er- rece  i ver  distances.  The  greater  this 

distance  the  smaller  tiie  difference  between  ujid  i sttirbed  and  total  fields,  a fact  which 
has  i>een  already  stated  to  truncate  the  perturbation  series. 

The  most  significant  change  in  the  received  signal  due  to  the  earth's  roughness  is 
that  the  trailing  edge  of  the  impulse  becomes  steeper,  a fact  which  is  also  observed 
for  increasing  defoi'mation  amplitude  (Fig.  7):  the  rough  dielectric  surface  seems  to 

act  like  a differentiator  or  HC-hlghpass  in  circuit  tlieory. 

b.  CONTI.rnTN'G  FtFMAT^K.'' 

The  paper  presents  a first  attempt  to  solve  the  problem  of  pulse  propagation  over  ir- 
regular terrain.  The  late  time  behavior  of  first-order  perturl'at i on  fieldscan  be  com- 
puted if  certain  assumptions  concerning  the  terrain  i rregular ily are  fulfilled:  the 

roughness  profile  function  must  be  one-dimensional  and  band- 1 imi ted , the  band-limits 
being  closely  connected  with  the  t ransmi t ter- rece i ver  distarice.  Furthermore  the  dura- 
tion of  the  initial  transmitted  pulse  must  be  large  compared  to  the  travel  time  due 
to  the  maximum  deformation  amplitude,  a fact  which  is  physically  intuitive,  since 
otherwise  the  total  pulse  has  already  decayed  »iuring  the  early  time  interval  where 
the  time  history  of  the  received  signal  is  unknown.  On  the  other  hand,  even  the  near- 
field's  time  history  can  be  given  exactly  and  the  computation  of  the  far-field  needs 
no  asymptotic  procedure  as  the  time  harmonic  case  does  (HKCKKP,  K.-D,,  et.  al,,  1975) 

Tt  will  be  pointed  out  that  also  layered  structures  can  be  taken  into  account  (LANGEN- 
BFF1G,  K.  J,,  107^)  and  since  the  method  works  as  well  for  the  magnetic  dipole  one  is 
able  to  compute  polarization  effects  in  the  time  domain  of  rough  dielectric  surfaces 
and  layers. 
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Fig*  1*  Geometry  of  the  problem 
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i ntcymnd  Tcxccpt  for  the  oxponcntinl  functinnl  is  inlepenhert  of  the  trnnsforn  vnrinhlc_ 
i.c.  non-d  i sner  s i V e . 'lo  the  restrictions  imposed  on  your  rourh  surface  cndcl  ioply  non- 
d.  i spers  i V i ty  over  tlic  spectrni  rnnye  of  your  source  pulse  ^ It  rnv  *'e  nossiuie  to  inclu- 
de dispersive  effects  ns  corrections  n t low  nn  1 hipl.  frequencies.  I'.nve  you  tried.  t''is  ? 

K~  ■ .7  ■ l.nr.yenher;-. : As  n rntter  of  f.nrt,  our  rourh  surf.nce  r’0<!e!  is  .n  non-.l  i spers  i ve  one, 
since  the  rourh.  surf.nce  sepnrntes  two  dielectric  hn  1 f-sp;ices  without  any  losses.  The 
nentioned  S-dependcnce  of  the  interrnni  is  due  to  the  spectr.nl  decon-pos  i t i on  of  the 
rourhness  function,  which  vanishes  if  it  is  chosen  to  he  bnn.l  - 1 i i t ed  .and  oheyinr  the 
truncation  criterion  of  the  perturbation  series.  In  ad.lition,  the  pulse  width  - or  its 
spatial  extent,  respectivelv  - oust  he  larre  conpare  1 to  the  oaxiouo  rouphness  noplitude. 
Hence  1 ow- f requenev  effects  are  included  in  the  theory;  yet  h i ph - f requency  effects 
cannot  he  included  in  a verv  siojinr  wav.  he  .li.l  not  yet  trv  to  include  t'-.cr  in  an  ex- 
tende  1 theorv. 
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EFFECTS  OF  NOCTURNAL  GROUND  - BASED  TEMPERATURE  INVERSION  LAYERS 
ON  LINE-OF-SIGHT  RADIO  LINKS 

L.  Fehlhaber,  H.G.  Giloi 
Research  Institute  of 
the  Deutsche  Bundes- 
post  at  the  FTZ 
6100  Darmstadt,  Germany 


SUMMARY 

In  radio  relay  systems  the  variations  of  the  transmission  loss,  caiised  by  prop- 
agation effects,  are  of  some  importance.  These  variations  occur  in  the  shape  of  slow 
fading  and  fast  or  multipath  fading,  mostly  at  nighttime.  V.’ith  vjnobstructed  line-of- 
sight  propagation  they  are  nearly  in  all  cases  due  to  nocturnal  ground  baaed  temper- 
ature inversions.  These  inversions  cause  increased  transmission  loss  bv  defocussing, 
that  may  exceed  15  dB  at  very  long  paths.  Multipath  fading  arises,  when  humidity 
saturation  is  reached  near  the  ground.  The  upper  limit  of  the  humid  layer,  situated 
some  decameters  only  above  ground,  is  reflecting  totally.  Besides  these  effects  the 
inversion  causes  a shifting  of  the  radio  horizon  to  larger  di star. res  and  hence  to  an 
enlargement  of  the  range  of  the  transmitter. 

A model  of  the  ground  based  inversion  is  presented,  that  explains  the  observed  effects 
not  only  qualitatively  but  to  some  extent  quantitatively,  so  that  predictions  of 
statistical  parameters  become  possible. 


1 . INTRODUCTION 

Prior  Investigations  in  the  short-decimeter  and  centimeter  bands  have  shown  that 
heavy  fading  on  line-of-sight  links  is  found  together  with  ground  based  temperature  in- 
version layers  (GroBkopf,  J. , Fehlhaber,  L. , 1963  and  1965).  In  this  paper  an  attempt 
is  made  to  analyse  this  correlation  and  the  theoretical  results  are  compared  with 
experimental  results.  Multipath  fading  is  explained  to  be  caused  by  temperature  inver- 
sions. As  another  effects  of  this  meteorological  phenomenon,  the  radio  horizon  is 
shifted  to  larger  distances  and  the  range  of  transmitters  is  extended.  Furthermore, 
temperature  inversions  cause  defocussing  attenuation  which  may  exceed  15  dB  on  very 
long  paths.  In  chapter  2 a model  of  ground-based  inversion  layers  is  given  including 
the  slope  of  the  refractive  index  in  these  layers.  The  3rd  chapter  comprises  the  effects 
on  wave  propagation  and  the  Ath  the  experimental  results. 


2.  REFRACTIVE  MODULUS  AS  A FUNCTION  OF  ilEIGHT 

The  refractive  index  n of  the  air  as  well  as  the  refractivity 

N = (n-1)  10^  (1) 

normally  diminishes  with  height.  The  radio  beam  is  not  a straight  line  (see  Fig.  la). 
To  simplify  the  calculations,  the  spherical  earth  is  transformed  into  a plane.  This  is 
done  by  means  of  the  refractive  index 

M = N + -i)-  lO*’  = N + .1569  h (?) 


where  h is  the  height  in  m above  mean  sea  level  and  r^  the  radius  of  the  earth. 

M normally  grows  with  height.  When  M is  a linear  function  of  height,  as  it  is  found 
in  a well  mixed  atmosphere,  the  radio  beam  is  a parabola  (see  Fig.  1b). 

The  refractive  modulus  may  be  calculated  by  Smith's  and  Weintraub's  formula 

M = JJ-iL-  p + 373  256  + JL.  10^  (3) 

T r r^ 

where  p = atmospheric  pressure  in  mb 
T = Kelvin  temperature 
e = vapour  pressure  also  in  mb 


2.1.  Situation  oefore  the  rise  of  the  inversion 

On  a bright  day,  the  soil  is  heated  by  the  Incoming  radiation.  The  air  touching 
the  soil  is  heated  and  it  rises  because  of  its  low  density.  By  this  convection  the  air 
is  well  mixed  up  to  a maximum  height  of  1000  m.  In  this  layer  the  temperature  has  the 
dry  adiabatic  gradient  f = -.01  K/m,  and  the  specific  humidity  s is  constant, 
provided  that  the  saturation  point  is  not  exceeded.  This  means  the  air  must  be  relativ- 
ely dry. 


A 


J 


The  vapour  pressure  may  be  calculated  from  the  specific  humidity  by 


= - .623  ^ 

p - . 377  e p 


In  Equation  (3)  P.  e and  T are  functions  of  the  height.  When  T 
the  soil  (h  = o)  ° 

T = - .01  h 

The  pressure  p is  given  by  the  barometric  height  formula 


is  the  temperature  at 
(5) 


^ _ -S_  dh  (6) 

p Rl  T 

(gravity  constant  g = 9.1^  m s 2 ? -1 

gas  constant  of  the  air  = 287  s~  K“  ) 

The  vapour  pressure  is  given  by  Mangnus's  formula 

e = 6.03  U 10  7. ^>75 

23^.67  + '?> 


(relative  humidity  U (0  - U - 1) 
temperature  in  centigrades  = T - 273.2) 


Equations  (3)  - (7)  yield  the  refractive  modulus  as  a function  of  height.  It  can  be 
approximated  very  well  by  a linear  function  in  the  height  range  of  interest,  which  is 
only  a few  hundreds  of  meters.  In  this  range 


dh 


(8) 


is  constant.  People,  who  are  used  to  apply  the  effective  earth  radius  k-  r^  may 
calculate  p from  the  relation 


P 


10 


k r. 


0.  ->369 
k 


(9) 


Table  1 below  gives  some  values  of  p,  when  ,3  is  the  temperature,  p the  atmospheric 
pressure,  and  the  relative  humidity  near  tfie  ground. 

Table  1 


p,  gradient  of  K 

when  T = . 01  K"’"' , p = 1020  mb 
' ^ r> 


^/°C 

--  -r 

.A 

■ 1 

.6 

1 R 

.13? 

.15?  I 

25 

.133 

.132  ‘ 

The  calculations  of  both  this  chapter  and  the  following  ones  are  performed  in  (Fehl- 
haber , L. , 1976) . 


2.2.  Inversion  before  the  dew  point  is  reached 

During  the  afternoon,  the  convection  abates  and  at  last  stops.  The  radiation 
going  off  exceeds  the  incoming  radiation  and  the  soil  is  cooling  off.  The  turbulence 
caused  by  the  wind  carries  the  lower  temperature  to  the  air  close  to  the  ground.  The 
development  of  the  temperature  slope  is  shown  in  Fig.  2.  At  the  soil  the  i-emperature 
drops  by  A T.  In  the  ground  based  layer  the  temperatiire  grov;s  with  height.  There  is 
an  inversion  v/ith  a positive  temperature  gradient  F.  . The  value  of  F depends  on  the 
turbulence  Fe.,  on  the  wind  velocity.  When  the  wind^is  slow,  P’.  rises  to  high  values 
Above  the  inversion  layer,  the  temperature  gradient  is  assumed  l,o  be  the  same  as 
during  the  day.  Thus  the  temperatur  profile  is  bilinear.  The  height  of  the  inversion 
layer  is 


(10) 


h.  = 


A T 


A T 


Ti  - r 


.01 


This  profile  is  a simplification,  in  fact,  there  is  an  isothermic  intermediate  layer 
(Ahrens,  D. , 1975),  but  it  is  unimportant  in  most  wave  propagation  problems. 

Vftiile  the  air  cools  off,  the  specific  humidity  does  not  change,  as  long  as  the 
saturation  is  not  reached. 

The  bilinear  temperature  profile  produces  an  K-profile  which  is  also  bilinear.  The 
gradient  of  M in  the  inversion  layer 

p.  = ^ (11) 

dh 


is  a function  of  (Fig.  5).  It  is  smaller  than  (3  (see  Table  1) 


V = 


(1?) 


If  F^  is  very  great,  M may  become  negative. 

2.5.  Ground  based  vapour  saturated  layer 

’.'.■hen  the  temperature  drops  below  the  dew  point,  the  vapour  begins  to  condense. 

A foggy  layer  of  the  height  h^  forms  near  the  gro\md.  Rather  than  the  soil,  now  this 
layer  cools  off  by  radiation  causing  an  iinstable  temperature  slope.  This  will  change 
soon  to  a stable  slope  and  a discontinuitv  occurs  at  the  surface  as  it  is  seen  in 
Fig.  ^a.  In  tie  foggy  layer,  the  specific  humidity  is  no  longer  constant.  Here,  the 
relative  humidity  U = 1 . As  the  vapour  pressure  e is  a furction  of  the  temperature 
(equation  (7)  ),  a discontinuity  in  temperature  causes  also  a discontinuity  in  e , 
as  it  is  seen  in  Fig.  Ah.  These  temperature  and  vapour  pressure  slopes  produce  a 
refractive  modulus  slope  an  examnle  of  which  is  evident  from  Fir.  Ac.  Above  the  height 
h^  the  F!-gradient  is  ,1  = .it  m"’’ . Below  h^  the  M-gradient  decreases  to  .05A  m”’’ 
because  of  the  temoerature  inversion.  At  die  height  h,.  there  is  a discontinuitv 
A >•  = i^-3.  ' 

As  can  be  seen  from  c.hapter  A,  inversions  rarely  produce  moist  saturated  layers  above 
dry  soil.  Most  of  them  are  found  in  autumn.  On  wet  soil  the  evaporation  continues  when 
the  inversion  begins  to  form.  The  vapour  is  carried  unward  by  turbulence,  but  not 
higher  than  the  inversion  layer.  Thus,  a moist  saturated  layer  is  much  more  likely  to 
fo.em.  The  above  mentioned  effects  are  found  more  often  above  river  basins  and  fens. 


2. A.  Layered  atmosphere  in  trie  dry  part  of  the  inversion 


The  discontinuity  of  K at  the  surface  of  the  moist  saturated  layer  is  not  the 
only  one  in  an  inversion  layer.  The  ■•■emperature  growing  with  height  prevents  the  verti- 
cal motions.  A volume  of  air,  which  was  going  up  during  the  convection  period,  now- 
stops  and  spreads  out  horisontally.  So  a layered  structure  forms  with  moep  diccon-*:ir- 
uities  of  K . But  their  values  are  much  lower  than  AM  at  the  surface  of  the  moist 
saturated  layer. 

2. “3.  Decomposition  of  -she  inversion 


The  radiation  beginning  again  in  the  morning  decomposes  the  inversion  layer 
beginning  at  the  moist  saturated  layer.  First  the  discontinuity  of  K vanishes.  Later 
on,  v^hen  the  convection  has  entirely  formed  again,  the  break  in  the  K-curve  at  the 
surface  of  the  inversion  layer  vanishes,  too. 


3.  V;AVE  propagation  effect.^  of  Iin/ERSION  LAYF.RS  ON  LII.Ti-OF-SIGHT  LINKS 


Both  the  variation  of  the  M-gradient  at  the  surface  of  the  inversion  layer  as 
the  discontinuity  of  M at  tlie  surface  of  the  moist  saturated  layer  have  effects  on  the 
wave  propagation  of  cm  and  short  dm  waves. 


3.1.  Pays  and  field  strength  in  a linear  and  a bilinear  K-profile 


The  problems  caused  by  the  break  of  the  K-curve  at  the  surface  of  the  inversion 
layer  can  be  solved  by  optical  ray  calculations.  The  K-gradients  are  not  gre.st  and 
according  to  equation  (li)  the  condition  p./(3<  2 is  satisfied  i.e.,  there  are  no 
focu.ssing  effects.  The  optical  rays  can  be’ calculated  from  the  equation 


d y'  dh 


(^.1) 


1 


>1-4 


whpre  h is  thp  hpight  in  m and  x the  distance 
V/hen  thp  M-profilp  is  linear,  ,1  is  constant  and  the 


in  km. 

ray  is  a parabola 


h = ^ p * a ^ y.  * 


(3.?) 


At  X = o,the  transmitter  is  situated  at  the  height  h and  K is  approximate!-"  the 
angle  of  the  ray  in  mrad.  ^ ® 

When  there  is  an  inversion  layer,  the  M-profile  is  bilinear,  at  least  in  the  upper 
part  (see  Fig.  ^c).  There  are  two  gradients  (1  and  ,n.  , and  the  ray  consists  of  parts 
of  parabolas  (see  Fig.  3):  ^ 


Zone  I 


s.one  II 


0 s xS  x., 

h = -i-  [1  x"^  + a x + h^  (3.3) 

X.,  s x ^ Xp 

h = -i  Pi  (x-x^)^  + a j (x-x.,)  + h^  (^.^) 


zone  III 


a i (x-Xp)  + h.  (3.  "i) 


The  quantities  x.,  , x.,,  and  are  calculated  under  the  conditions  that  h and 

dh/dx  are  steady  at  and  Xp. 


The  attenuation  relative  to  the  free  space  mav  be  calculated  as 


A = 10  If 

(GroBkopf,  J.,  Fehlhaber,  L. , 1963). 


(3.61 


If  tlie  profile  is  linear 
ensues  from  equation  (3.?). 


A = 0 


The  same  result  is  found  in  zone  I of  the  bilinear  orofile  (3.’’).  In  -rhe  zones  II  and 
III  defocussing  attenuation  occurs  (see  chapter 


3.P.  Shift  of  the  radio  horizon 

The  radio  horizon  is  defined  by  the  ray  touching  the  ground,  the  horizon-ray. 
It  is  derived  from  equations  (3.F)  - (x.3)  calculating  a ^ on  the  condition: 

at  x = x^ 

h = o and  4^  = o. 

dx 

Alien  an  inversion  occurs,  the  rad*o  horizon  is  shifted  to  a greater  distance.  The 

distance  x grc.-.'s  from 
o ^ 


and  from  there  onwards  the  horizon-ray  runs  at  lower  heights.  Fig.  6 shows  an  example. 
The  transmittir  is  situated  at  a height  of  ?30  m.  In  ^ig.  6a  the  gradient  of  K is  al- 
most normal.  A receiver  belonging  to  the  hatched  area  is  in  the  shadow.  V.Tien  there 
is  an  inversion  with  p,  = p/^  = .039  m""  and  a height  of  more  than  P’^0  m (Fig.  6b), 
the  shadow  is  considerably  rl'duc.pd.  Fig.  6c  shows  the  radio  horizon  when  the  inversion 
laver  is  only  30  m high.  Nevertheless  the  range  of  sight  is  evidentlv  extended. 

This  may  cause  interference  w'hen  the  service  radius  of  a transmitter  spreads  out  into 
the  primary  coverage  area  of  another  transmitter  at  the  same  frequency. 

A radio  horizon  exists  only  when  p , > 0.  According  to  Fig.  t,  p becomes  negative  when 
the  temperature  gradient  has  very  great  values.  Then  a wave  guide  occurs  in  the 
troposphere  and  a horizon  cannot  be  defined. 


3.3.  Attenuation  by  defocussing 

According  to  chapter  3.1.  no  attenuation  is  caused  bv  a simply  linear  K-profile. 
Now  ther-e  are  two  layers  and  in  the  lower  one  Pj^  Is  greater  than  zero.  Then  the 


4-<: 


ripfonuRsing  effects  cause  an  attenuation  in  the  zones  II  and  III  in  Fig.  5.  This 
defocussing  loss  is  calculated  by  means  of  equations  (3.^*)  - (3.6).  Fig.  7 shovs 
tiiis  loss  in  the  case  of  the  example  in  Fig.  6c.  Below  the  ray  touching  the  surface 
of  the  inversion  layer,  an  attenuation  A >0  relative  to  free  space  is  found.  It  grows 
with  distance.  At  73  km  A has  a maximum  amovint  of  t dp.  The  diffraction  loss  near 
the  horizon  is  neglected  for  it  is  of  no  vjse  in  understand i ng  the  above  mentioned 
effects. 

V.'hen  is  reduced,  the  loss  observed  at  a fixed  point  increases.  The  value  of  ,1.  is 
low,  when  the  temperature  gradient  in  the  inversion  layer  is  great.  This  hanpensj  when 
the  wind-velocity  is  low.  Thus,  great  defocussing  loss  is  found  when  the  cind  is  slow. 

As  may  he  seen  from  Fig.  7,  the  loss  as  a function  of  heig.ht  has  a maximum  at  a fixed 
distanc(>.  kliile  the  inversion  layer  develops,  it  increases  in  height  and  so  does  the 
maximum  of  A.  At  any  time  the  maxiraiim  will  move  over  the  aerial  of  a receiver  and  more 
or  less  heavy  fading  occurs. 

'■lier  (1.  - 0 is  valid,  an  area  should  exist  where  w'aves  cannot  enter.  But  this  is  due  to 
the  simplification  of  the  bilinear  M-profile.  In  reality  there  is  a smooth  transition  in 
M and  in  the  mentioned  area  the  attenuation  is  finite. 

Fultipath  fading. 

In  Fig.  Ac  a discontinuity  AM  is  found  at  the  height  of  the  vapour  saturated  layer. 

In  the  atmosphere,  an  actual  discontinuity  cannot  exist  but  for  a small  difference  in 
height,  the  refractive  modulus  diminishes  to  such  an  extent,  that  the  discontinuity  is 
a good  approximation  for  calculating  refraction  problems. 

'■'hen  the  height  of  the  vapo\ir  saturated  layer  is  lower  than  transmitter  and  receiver 
stations  as  it  is  seen  in  Fig.  B,  a direct  wave  and  a wave  reflected  at  the  surface 
of  the  layer-  are  travelling  to  the  receiver.  Their  phase  interference  causes  fading. 

The  fadine  's  heavy  v;hen  both  waves  have  nearly  the  same  field  strength,  that  means 
when  the  second  wave  is  reflected  totnllv.  Total  reflection  occurs  when  the  reflecting 
medium  has  the  lower  refractive  modulus  and  the  grazing  angle  a „ is  less  than  the 
critical  angle  of  total  reflection  Q_.  This  angle  is  a function^of  M ( GroBkopf,  J. , 
Feiilhaber,  1.,  "963)  ” 

Of,  = pAK’ 

( a p in  mrad ) 

Calculating  the  direct  and  the  reflected  ray,  the  M gradients  of  the  inversion  layer 
and  of  the  atmosphere  above  it  are  to  be  considered.  Here  only  two  path  rather  than 
rultiyath  propagatior  is  described.  There  is  a thtj-d  wave  caused  bv  the  reflection 
process  (Fehlhaber,  L. , 1970)  and  some  more  waves  reflected  by  the  discontinuities  of 
M in  the  dry  part  of  the  inversion  (see  chapter  P.A).  These  waves  usually  do  not  cause 
heavv  fading  since  either  their  field  strength  is  too  low  or  their  phase  difference 
with  respect  to  the  direct  wave  is  too  small. 

t'ovementr  of  the  reflecting  layer  change  the  phase  difference.  Furthermore,  the  surface 
of  the  Inver  is  not  homogeneous  ip  AM  nor,  as  a conseouenoe,  inQ^.  Areas,  in  which 
a,,  is  greater  than  0.^,  and  those,  where  it  is  lower  than  aPe  drifted  bv  the  wind 

odf-r  Hie  place  of  reflection.  So  the  reflection  coefficient  varies  with  time. 

Both  effects  cause  great  and  fast  variations  of  the  receiver  level  as  they  are  seer, 
in  the  strip  chart  recording  of  i^ig.  Qa . 


A.  MFASURKI-orKTS  OF  :-"fTEOROT.OGICAL  AfiD  V.’AVH  PROPAGATIO!'  FFFFCTo 

In  the  previous  chapte-s  it  was  attempted  to  investigate  quantitati'vely  how  ground 
based  trnperature  inversion  layers  influence  the  wave  propagation  in  1 ine-of-sight  radio 
iir-ks.  Her"  the  frequenev  of  irversion  layers  will  be  given.  The  coincidence  of  temper- 
ature inversion  layers  and  wa-ze  propagatior  effects  is  investigated. 

A.1  Frequency  of  inversion  layers 

fiailv  records  of  inversion  layers  are  given  bv  the  balloon  ascents  of  the  meteoro- 
logical services.  A.s.  thorf  are  ascents  only  at  1.00  and  1^.00  o'clock  central  Furopean 
lime,  they  carrot  show  the  development  of  an  inversion  layer.  Furthermore,  the  time 
corstents  oc  the  measuring  instruments  are  very  high.  Hence  the  temperature  and  humidity 
gradients,  obtaineri  bv  the  balloon  ascents  are  falsified  to  such  an  extent,  that  they 
cannot  he  used  for  calculating  wave  propagation  problems.  But  the  records  show  the 
ground  bas.ed  Inversion  iaver  qualitative!”.  In  this  way  statistics  of  the  occurrence 
of  inversions  were  established.  Fig.  10  shows  the  numbers  of  nights  when  layers  were 
found  at  the  r-ad  i o--onde- sta  t i ons  of  .Stuttgart  and  Hannover  in  196?  or  1963  respectively, 
r.tiittgar*  i .s  sitiiatfd  in  a hilly  region  't  a height  of  kOO  m whereas  Hannover  lies  at 
a height  of  so  m and  ma-,-  i-epr-esent  the  corRitjons  on  the  plains  of  northern  Germany. 

The  nic‘i‘s,  when  moist  saturation  was  found  at  1 o'clock  are  marked  by  hatching.  As  in 
many  nigh's  moi"t  saturation  may  occur  after  this  time,  these  numbers  should  not  be 
uscfi  to  evaluate  the  frequency  of  fading.  Put  it  is  seen  that  at  both  stations  most 
nights  with  moist  saturation  are  found  in  autumn. 

A.P  Goncidence  of  inversion  and  multipath  fading 

Good  conditions  for  testing  the  coinoidenoe  of  Inversion  periods  with  fading 
periods  existed  on  an  experimental  radio  link  of  69  km  from  Hambach  to  Darmstadt  (Fig. 


**  1 ^ . f!par  this  link,  p 6^*  rv.  tower  v/ns  built  nnd  1 nstrumentr.  were  InstolJed  to  measure 
the  temperature  and  humidity  pattern,  a time  is  called  <an  inversion  time  when  the 
♦■emperature  at  the  top  of  the  tower  is  hic^^r'  I"''  tha*i  near  the  ground  (4  m).  An 

hour,  during  which  the  received  level  varies  bv  more  than  10  dB,  is  called  a fading 
hou»'.  A night  is  called  a fading  night  v/hen  it  includes  at  least  one  fading  hour.  To 
compare  fading  nights  with  inversion  nights,  measurements  made  in  June  1966  were 
chosen.  Simultaneous  recordings  of  the  attenuation  at  6.'^  GHz  and  of  the  meteorological 
data  exist  for  twenty  days  of  this  month.  Inversion  layers  were  fo\md  in  1A  nights  and 
fading  in  1 nights.  In  six  nights  there  were  neit.her  inversicn  layers  nor  fading.  This 
is  a very  good  correlation. 

On  the  other  hand,  fading  does  not  occur  in  all  hours,  where  inversion  layers  exist. 

From  J\me  to  October  19^^,  there  were  91?  measuring  times  of  the  meteorological  tower. 

At  of  these  an  inversion  v;as  found,  that  means  in  of  the  whole  period.  In  the 

same  period,  fading  was  fo\ind  in  only  1 of  the  hours  recorded.  This  means  that 
fading  was  caused  bv  only  half  of  the  recorded  inversions.  Statistics  of  the  occurrence 
of  ground  based  inversion  layers  in  various  districts  may  be  established  by  tolerable 
expenditiire  of  work  usinr  the  balloon  ascents  of  the  metoorologi cal  services.  A relation 
of  such  statistics  with  adequate  fading  statistics  ^'ould  be  ver’y  useful.  Such  a relation 
does  in  fact  exist.  The  number  of  inversion  nights  per  month  in  .Stuttgart  (see  chapter- 
and  the  number  o^  fadirrr  nights  at  the  a foremert  i one*^  link  betv.-een  Hambach  and 
Oarmstadt  (Fig.  '’1')  were  compared.  This  was  done  iri  some  period."  of  the  years  196A  - 
1967.  Overall  measurements  of  twenty  months  were  evaluateci.  The  correlogram  is  shov.-n 
in  Fig,  ir.  The  correla+-ion  coefficient  is  r = .R7P.  ’*'hen  Z.  is  +he  number  of  inversion 
nights  and  7.^  the  number  of  fa-lip.r  nights,  tv>r  regr*  rrion  funotion  is  given  by 

7 r-  1 , 7 . - 1 ( -^* . 1 ) 

The  numbo’^s  of  fading  nights  and  inver-'ior  nights  are  almost  identical.  These  are 
r'^ther  good  T’e.sul*:s  ^or  Stuttgart  is  oUou'*'  1Q0  km  off  the  center  of  the  radio  link. 


Shi  ^'t  of  radio  hori '-’on 

The  effart  of  the  radio  h.orinon  shif*"ed  bv  temperature  inversion.o  can  be  v-ell 
' -served  on  a link,  ’--here  +he  -^ro'"  tb.e  trarismi  ttnr  to  +he  receiver,  calculated  at 

trie  median  value  |'  - ,11.R  (v  = A/'^'.  in  equation  ('^))  gust  toucrie?:  fVjp  ground  ot'  an 

obstr»cle.  This  oorditinn  j found  on  the  i''*>  km  Merkur-Darmstadt  link.  The  profile 
i ■”  sh.owr'  in  Fi".  T^-r  freouenc'’  is  6.R  GHz,  Two  examples  of  the  diurnal  attenuation 

nn  f t er»-i  nrr  ri'^^en  i r'  Fir.  tA, 

pur’r/  +■-*'/••>  a*  * e^-ua"^  i op  r'olotive  t-o  fT’ea  .space  1.0  about  po  dP.  Some  times  in  the 

everln_^  r>nd  during  *he  T'.i  vherr  i*r'erainn  layers  are  fonrd,  the  ai  tenu<at  i or.  is  much 

lo^'ep,  ''her  -t-o  v'’''ur-j  \.''iore  bnth  the  direct  rav  is  free  and  the  first  Fresnel 

zone,  multipa*''  foHina*  ma-’  '-'crur  o«;  evident  from  Fig.  iAb, 


A, A pf’^ocurs^r  ’ 

Or  links  up  5,^  irn'f’'  d«  foctissir*.n  e'>Ms.e.s  op.i^'  a .small  derpea.se  in  -^he 

f’‘~'l(^  strength,  as  ma'-  '^e  •»  n*  e»' (_«r  long  links,  however,  the  effort  ir 

v-ell  o'^sf^rv'^b"’ e , f)e  f of'u  s ' ” ^ ^nua  ^ i oj--  ip  '^'ostly  fonrd  ip  the  evening  before  .sunset, 
i r , .^b  show."  ofje  M *’  th^  ey.-irn'il  f\"  fouud  o*'.  a 1 i r.e-of- r i gb'*'  link.  The  link  from  -‘ornis- 
grippe  to  Fel  dbf  T'g/Tounus  ^ar  .0  lerv'*h  of  mp  k":,  t-be  fr-enuePiCv  is  6 G^iz.  The  dr- 
fooMssins-  ,1 .5  4 +-ho  mul'^ioat^  fadinr  1n  Fio,  Op  and  at  ^he 

er-d  of  hi  . >h.  At  1R  o*''‘ork  ihe  t * •■•T'.ua  *■  i on  T**'.-'r}ies  a maximum  of  about  dp. 


f . Cf*' *0!.^ T ''  ' 

A.s  tVjn  oomparisons  w-t  th.  r* su"ener: * s ha^'f■•  shon-n,  t^e  npesor^ted  nod-'l  of  temop’-'a- 
*-ure  Ip-ersion  In^'ora  can  be  used  *0  ev^inip  v-ave  propa/po  * i on  effects  not  op.lv  curti- 
to^-ivelv  l-iut  to  some  »v*rpi  »^nap.  1 1 ♦ i ve’’ '•  np  '•-ell,  g ’ m^l  i f t pn  * i on.s  of  this  model  ape 

♦Up  br^aV  ill  the  f par  t i mod’Pur  slor^p  the  sm-face  of  ■*'he  ip'^opsion  la^'er  ond  tbe 

omie.ejipr  of  fb6'  i .sn**}ie»'m  i r part,  i-ire-^k  ♦^♦'o\fer.ts  tup  or  i pnl  .t?  i on  of  .some  deforurs^n- 

ef^'ect.'-.  The  isotl^epmir  pa?'*  of  ■‘■'le  t emne  pa  1 1 1'-e  'lope  h*'  taker,  into  acronr*  "^nr* 

nope  detailed  fading  s‘atlstirs, 

Ir.  spite  of  this  lack,  the  model,  provides  the  possibilitv  of  foreca.stinr  fading 
.statistics  (Fehlhaber,  L.  , 1,  1 ,j76)  and  of  esv-timat  ing  the  influence  of  1 ine-reometrv 
on  these  .statistics  ( Fell  l.hva  her , I,.,  . '’9761, 
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Fig.  1 Radio  beam  of  a line-of-sight  link 

a)  above  the  spherical  earth 

b)  when  the  earth  is  transformed  into  a plane 
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Fig.  2 Development  of  the  inversion  laver  as  long  ns  the  saturation  point  is  not 
exceeded 
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Fig.  9 Strip  chart  recordings  of  the  attenuation  at  the  181  km  line-of-sight  link 
Hornisgrinde  - Feldberg,  f = 6 GHz 
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Fig.  10  Kumber  of  nights  per  month  whei:  a gr-ound  based  inversion  layer  (while)  or 
a moist  saturated  layer  respectivelv  (hatched)  was  found  during  balloon 
ascents  at  i.OO  o'clock  central  European  tine  in  .Stuttgart  and  Hannover 
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Fig.  1?  Correlogram  of  the  inve* sion  nights  in  Stuttgart  ana  the  fading  nights  at 
the  Hambach  - Darmatadt  link 
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DISCUSSION 


.1 . S , Fo  1 rose  : Tn  your  pictorinl  ‘blotch  i 1 1 ust  r .n  t i r.^  propn  r i on  oT’iplo^'i  nr  clovntoil  trnns- 
'^n-f  receivers  vou  s’^ou  tlio  Mroct  pnt*'  conenve  Inv.T.  rnt’icr  t'lnn  the  ncttinl  nnth 
'.\-’-,ich  i concave  up.  V.’hy  <lo  you  c”'ploy  rcpr^e”eiTt  rTtTon  for  the  rav  path  ? 

luirther,  vou  interpret  the  sirpnl  fatMne  to  re<;iilt  TroT«  an  interference  I'etKeeu  the 
f’irect  pat’i  anti  a pat!i  reflcctetl  froi''  an  inver«;ion  laver.  How  In  you  .1  i f f or  en  t i a t e het- 
v.een  t!\is  latter  *^at^'  an-!  the  ’^ore  u‘?ual  eroun-' -re f 1 ec t e.’  oath,  which  voy  -lo  not  ‘^ee’*'  to 
^nve  t'>ken  into  account?  I th.e  <'roun.l  *50  rourh  at  SHP  that  it  is  not  a '^oo  ’ reflector  ? 


!!.(  .Ciloi:  \ concave  rav  oat''  r>hove  the  sn'orical  eart’'  is  not  easv  to  ^’.anMe.  h'orr'allv 

ve  »Tso  ?i  ^raieht  rav  ahnve  an  oart^'.  '-’it*'  a raMu*^  ^ ^ ^ ^ ^’oo  1 wav  when  <r*/{’h.  is 

constant.  Put  ^'ere  M‘'!/.lh  is  a function  of  hei'’’'.t.  T s^toul.’  use  lifferent  values  nf 
to  have  strai<^ht  rav  in  t''e  .lifferent  lavers.  So  r^'is  is  the  way  of  trars- 

for^'inr  the  spherical  earth  into  a oinn.e  an-’  the  roneax'o  .’own  nat’'  into  a concav'^  u*^ 
oath.  Tn  all  fi'^Tires  the  .listance  in  hoir>u  het’-een  rav  anvl  rrountl  is  the  sare  at  appro- 
priate points, 

‘lost  ol'jects  on  the  f^roun  ’ are  larger  if  co»-parc  ! to  t’e  wavelength  of  about  a cr  in  our 
exoeria’ents  so  the  'roun  1 is  ir.lce!  too  roin-'’  to  ’e  a nooJ.  reflector,  l.ov,  ec’:oes  fror 
’•ousos,  rocks,  etc.  lo  not  cause  re!‘'ar’a’  le  phase  i r.  t or  forei'.ce . !'ut  when  their  tire  !e- 
lav  is  verv  -^rcat  ("'orc  th'^n  1 ' ns^  , t’-.e'  ‘'av  cause  i r terT’ohu  1 a t i on  nc'iisc,  T!i  i s noise 
c.an  ’>e  ’'easurcv.!  when  no  fa.’ir.r  occurs. 

' ■ . .T . A 1 b rec t : In  roforrinh  to  t''.e  vari'^tion  o'*  t’'C  so-callel  "V  - fac  t or  " , hi  lei  Jc- 

s c r i 1 • e ■ the  ^ e*'av  i our  of  t'’.is  calculation  ai’  (hasoA  on  In/ Ih"'  wit'’  a .1  i stur^  el  rTn-l  an 
ur.  listurbe-l  tropospheric  *'ro*^nf’ation  ”’cliu'^. 

. h i 1 n 1 : i!e  ’-‘hactor  h'»s  r ’-e'ian  value  of  1.'!  . ^ccor’ir,'’  to  the  lower  values  of 

"*"n / 1 h in  an  inversion  lavo'*,  the  'walues  are  -uc!.  ’•i'’he.r,  -av  hcco''c  in^’iniTe,  also 
nc’':itivc  v.alues  .are  possi’  Je. 

''.'’Ob'*’!  'llic  *lnt.i  '-tiven  ’'V  the  aut''or  \ ere  leri>e.l  fro**’  r ] j ^ Ao  .lata  fror 

T i at  other  frequencies  f e . o . , , 1 , or  K co-'p.are  with  these  ? 

• 1 . n . i 1 o i : “en  si:  rc'’en  t s i ero  also  .^erfor^e!  .at  1 , , an.l  12  'hlz.  ”p  to  K''  hp-  milti- 

p^^Ta  propar.n  t i on  is  r'.e  onlv  re.ason  for  loop  fa*li''r  in  1 i ne-of-s  i rht  links.  In  t’;c 
r-entiono'l  ranne  of  froouoncios  th.e  i s t r i *-u  t i on  of  fa^Mno  Joes  not  varv.  \t  ’.ipher 
frcquencirs  rain,  attenuation  becores  also  i-port'’nt. 
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EXPERIMENTAL  RESULTS  CONCERNING  THE  INFLUENCE  OF  WAVE  PROPA- 
GATION ON  TELEMETRY  DATA  TRANSMISSIONS  AT  230  MHz  COMPARED 
WITH  2,3  GHz 


G.  V.  Mayer 
DFVLR-GSOC 

8031  Oberpf af fenhoCen 
West  Germany 


ABSTRACT 


The  data  transmission  in  the  VHF-  and  UHF  band  trom  surface  vehicles  to  a fixed  receiving 
station  is  studied  by  experiments  in  different  kinds  of  terrain. 

In  broadband  systems,  as  used  for  telemetry,  it  is  necessary  to  compare  not  only  the  re- 
ceived Signal  Power  but  also  to  add  another  criteria  for  the  transmission  quality,  e.g. 
the  bit  error  rate  in  digital  systems. 

Thus  a digital  pulse  code  modulated  data  stream  is  simultaneously  transmitted  in  both  bands. 
The  signal  strength  and  the  missed  frame  synchronization  words  of  both  data  links  are  re- 
corded on  paper  tapes  for  a quicklock  analysis.  A magnetic  type  is  produced  for  a computer 
comparison  of  each  piece  of  information  (bit)  with  the  known  transmitted  bitpattern.  The  bit 
error  rate  nor  data  frame  of  both  systems  may  be  then  correlated. 

1 . I NT  RODE  CT I ON 

Data  transmission  from  space  and  surface  vehicles  to  fixed  receiving  station  have  swit- 
ched within  the  last  few  year  from  the  P-Band  range  of  frequencies  (210  - 260  MHz)  up 
to  the  S-Band  (2'200  - 2 300  MHz)  . 

The  reason  was  the  increase  of  data  rate,  requiring  greater  transmission  bandwidth  and 
the  rising  nrcblems  with  interference  with  other  users,  e.g.  military  UHF-services . 

Thus  the  range  commanders  council  controlling  the  range  services  as  defined  in  the  IRIG 
(Inter  Range  Instrumentation  Group)  standard  deleted  the  further  operation  in  P-Band. 

The  change  in  frequency  raised  no  real  problems  for  space  operations  as  normally  free 
space  propagation  on  the  link  calculation  was  applicable. 

Table  1 gives  an  Estimate  on  the  received  signal  power  and  the  noise  performance  on  both 
bands . 


Tab . 1 : Free  Space  Propagation 


Received  Signal  Power 

,,2 

P„  = p-A  = 


E 


120n 


'’t'S 


4 n 


T' 

X 


T. 

R.  . 

p.  . 

A.  . 

f . , 

Pr" 


.transmitted  power 

.distance  from  transmitting  to  recei- 
ving site 

.power  density  at  the  receiving  antenna 

.etfective  aerea  of  the  receiving 
antenna 

.gain  of  the  transmitting  resp. recei- 
ving antenna 

.wavelength  resp.  frequency  of  ope- 
ration 

.power  at  the  receiving  antenna 


P-Band  47,23  dD  20  dB 

Pr  = 32,46-201ogR^^-20l|>gf^„^.P.r.G^tG^ 


dBm 


S-Band 


67,23  dn 

effective  antenna 
aperture  lower 


I 

34  dB 

rec . antenna 
aain  higher 


System  Noise 

N=b-N  =K-T-B 
o 


P-Band 

N = -198,6  + 101oqB|j^ 
S-Band 


K. 

B. 


N . 

1000°K=30dn  ¥. 

I 

tlniogT  dBm 

I °K 

300"K=24dB  — solar  and 


.Boltzmanns  constant 
.bandwidth 
.power  density 
.noise  temperature 


galactic  noise  lower 


In  S-Band  the  loss  in  effective  antenna  aperture  is  partly  compensated  by  the  higher 
gain  achievable  with  an  antenna  of  similar  dimensions  and  partly  by  the  lower  tempera- 
ture of  solar  and  galactic  noise  at  the  higher  frequency. 

Unfortenately  with  data  transmissions  from  surface  vehicles  this  was  not  the  case;  the 
influence  of  the  topography,  buildings  or  even  vegetation,  or  nearby  ships  in  sea  ope- 
rations, required  a new  approach  to  make  allowance  for  these  environmental  factors. 


Surface  Propagation 

Wave  propagation  along  earth  surface  is  mainly  influenced  by 

quality  of  soil  (conductivity  and  dielectric  constant) 

topography 

vegetation 

VJhen  the  antennas  of  the  transmission  line  are  positioned  in  a certain  height  above  ground, 
secondary  effects  like 

reflection 

defraction 

depolarization 

scattering 

may  be  predominant,  especially  at  higher  frequencies. 

Tab.  2 shows  a possible  theoretical  way  of  estimating  the  field  strength  of  surface  trans- 
mission at  any  quality  of  ground  and  low  angles  of  radiation. 


Tab . 2 : Surface  propagation,  theoretical  approach 
Field  strength  Eo  of  a 

Short  dipole  over  ground  with  infinite  conductivity  k 


Reflection  coefficient  R at  elevated  transmitting  and  receiving  antenna  and  low 
angle  of  incidence  » of  the  irregular  ray  and  /c  /»1 

~R 

„ sin(p-y£  C,;  1 „ , 

R = ‘ V 5;  _ for  vertical  polarization 

sin®  ' -P. 


for  horizontal  polarization 

£ =c^  -j60x'l  komplex  dielectric  constant  of 

R ground 


At  any  quality  of  ground  and  low  angle  of  radiation 


E = Eo- 


X 

irar" 


Sommerf eld 
attennation 


,yr) 


height  factors 


d...  distance  between  transmitting  and  recei- 
ving antenna 

hj,...  height  of  transmitting  antenna 
h^ . . . height  of  receiving  antenna 

The  influence  of  the  ground  profile  and  the  vegetation  (oredominating  at  high 
trequoncies)  could  be  Included  into  the  ground  conductivity  x(l). 

The  basic  equation  of  a vertical  short  dipole  over  a flat  surface  with  infinitive  con- 
ductance is  multiplied  by  an  attenuation  factor  and  height  factors  of  each  antenna, 
both  a function  of  the  complex  dielectric  constant. 

This  allows  a calcilation  of  the  field  strength  with  respect  to  the  quality  of  soil  and 
the  reflected  wave  superposed  to  the  direct  wave. 

At  frequencies  in  the  nUF  range  the  influence  of  the  ground  profile  (roughness)  and  the 
vegetation  is  predominant. 

Attempts  have  been  made  to  include  both  factors  into  the  effective  conductance,  but  in 
the  end  an  estimate  of  the  received  nowcr  or  field  strength  may  not  be  adaptable  to  the 
expected  data  quality  of  the  transmission. 

In  both,  inaloq  and  digital  data  streams  reflections  may  introduce  a significant  amount 
of  distortion. 
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As  Indicated  in  Tab.  2 the  reflection  coefficient  R is  frequency  dependent.  Tnereforc 
at  wideband  transmissions  such  as  in  telemetry  applications  the  superposition  of  the 
direct  wave  with  the  sum  of  the  reflected  energy  at  the  receiving  antenna  may  cause  a 
significant  spectral  distortion  of  the  signal,  even  when  the  sum  ot  received  power  is 
reasonably  high. 

It  was  thought  better  to  compare  the  performance  of  data  transmission  within  both  bands 
by  experiment. 

The  idea  to  do  this  came  from  colleagues  who  had  been  given  the  task  to  make  tests  with 
tracked  vehicles  using  S-Band  equipment  while  driving  through  forested  areas  in  order  to 
study  propagation  on  S-Band. 

3 . Mobile  Surface  Telemetry 

Data  transmission  via  telemetry  from  moving  surface  vehicles  like 

trains 

automobi les 

tracked  vehicles 

boats 

buoys 

sounds 

probes 

also  from  human  beeings  and  animals  is  gaining  more  interest  in  the  fields 

evaluation  of  vehicle  performances 
environmental  research 
biomedical  engineering. 

Optimisation  of  the  transmission  link  is  normally  limited  by  the  small  height  of  the  ve- 
hicle antenna  over  ground  with  the  result  that  the  transmission  path  follows  a low  angle 
of  elevation.  Furthermore  the  type  of  antenna,  the  antenna  construction  and  the  possible 
maximum  transmitting  power  arc  a function  of  the  vehicle  dimensions  and  the  duration  of 
the  mission  itself. 

The  quality  of  the  transmission  is  estimated  by  the  received  signal  power  to  noise  power 
ratio  and  the  performance  of  transmitted  data. 

The  data  quality  may  be  easy  determined  by  computer,  when  a digital  kind  of  transmission 
e.g.  Pulse  Code  Modulation  (PCM)  is  applied.  PCM  is  the  most  attractive  kind  for  teleme- 
try applications,  giving  high  accuracy  and  an  extensive  immunity  to  noise  and  interfe- 
rence . 

The  criteria  for  transmission  quality  is  the  bit  error  rate.  For  a test  of  a PCM  system 
a simulated  frame  pattern  including  synchronization  and  data  words  is  used  to  modulate 
the  transmitter.  After  passage  through  the  propagation  path  and  the  receiving  station 
each  detected  binary  information  (bit)  is  compared  to  the  originally  generated  message. 
The  errors  per  time  unit  may  be  counted  and  registrated  (2,3). 


4.  Exceriments 


The  influence  of  the  surface  propagation  on  the  signal  stream  is  studied  by  a simulta- 
neous telemetry  transmission  in  P-  and  S-Band.  Fig.  1 shows  the  block  diagram  of  the  ex- 
perimental set  up. 

In  the  vehicles  board  system  a binary  PCM  test  pattern  of  known  sequence  is  generated, 
which  modulates  both,  a P-  and  a S-Band  transmitter.  The  signals  cross  the  propagation 
path  to  the  receiving  station.  After  reception  and  demodulation  the  (distorted)  PCM 
data  stream  is  regenerated  by  a bit  synchronizer  and  then  decoded  by  the  decommutator. 

The  bit  synchronizer  has  to  decide  whether  the  momentary  status  of  the  binary  signal  is 
high  or  low.  These  limits  are  soccified  for  a certain  range  of  signal  distortion,  e.g. 
caused  by  the  propagation  path.  Above  these  limits  the  bit  error  rate  will  rise  signi- 
f leant ly . 

For  a quicklook  the  number  ot  missed  frame  synchronization  words  per  time  unit  is  counted 
and  recorded,  together  with  the  automatic  gain  control  (AGO  of  the  receiver,  which  is 
a measure  for  the  strenght  of  the  received  power.  The  PCM  data  and  the  AGC  are  recorded 
on  an  analogue  tape  for  a later  computer  processing,  where  each  bit  of  information  is 
analyzed.  Attenuators  in  front  of  the  receivers  are  used  to  calibrate  both  signal  levels 
before  starting  the  experiment.  The  spectrum  analyzer  is  used  to  set  an  equal  modulation 
index  on  both  transmitters.  Tab. 3 notes  the  most  important  system  parameters. 

Tab . 3 ; Experimental  .System 

- Frequencies  ^ ^30  MHz 


2230  MHz 


fj/f  1 10 


UM 


- Vehicle  Transmitting  Antennas 

i/2  - Dipole  (vertical,  horizontal) 

1 , 5m  over  ground 

- Antennas  of  fixed  Receiving  Station  (Medium  r.ain)  , 7m  over  ground 

- Yagi  (p-Band) 

- Horn  (S-Band) 

- Data  Coding  and  Transmission 
PCM 

240  KB/s 
34  words/framo 
12  bit /word 
2 words/sync. pattern 
Biphase 

Premod.  Filter 
Modulation  Index  m = 1,8 


'•'ain  points  of  the  experimental  program  were: 

propagation  in  flat,  undisturbed  terrain 
deflection  due  to  a large  obstacle 
influence  of  vegetation  (forrest) 
propagation  over  water  surface 
influence  of  polarization. 


5 . First  results 

Some  typical  examples  are  selected  from  a number  of  actual  recordings. 

Fig.  2 demonstrates  the  passing  of  a vehicle  at  a constant  distrance  behind  a large 
hangar.  Mote  the  total  signal  drop  out  of  the  higher  trenuency  (F-Band)  signal  and  a 
modest  attenuation  on  the  P-Band  signal.  The  basic  attenuation  on  .S-Band  at  a distance 
of  2 km  is  more  than  2odB  higher  than  at  the  lower  frequency. 

In  the  figures  shown  a represents  the  slgnal-to  noise  ratio  (S/M)  of  the  receiver  used. 

In  Fig. 3 shows  field  strength  as  a function  of  distance  through  a nine-wood  (tall  trees, 
ca  15  m) . The  P-Band  signal  drops  continously  with  distance,  but  the  S-Pand  signal 
drops  quite  suddenly  in  stop  form  within  the  first  lOO  meters  and  remaining  with  a mar- 
ginal signal  strength  a'ter  1 Itm..  The  influence  of  polarization  is  not  noticca!  lo.  The 
height  of  the  receiving  antennas  was  half  that  of  the  top  of  the  trees  forrest  and 
there  was  no  possibility  to  study  the  influence  of  the  latcial  wave  which  skins  on  top 
of  the  forest  and  penetrates  by  refraction  (4). 

Fig.  4 shows  part  of  a transmission  ever  a water  surface  (lake).  The  .S-Eand  signal  al- 
though more  attenuated  than  the  P-Band  signal  shows  a lower  number  of  frame  sync,  losses, 
registered  by  the  event  r.arkers  of  the  recorder.  The  same  effect  has  been  found  with 
propagation  over  a flat,  undisturbed  terrain  (c.g.  grassland). 

This  somewhat  surprising  result  may  be  easily  interpreted,  when  one  considers  that  the 
influence  of  the  surface  profile  (roughness)  is  dominant  at  higlicr  frcauencies  over  t!.c 
electrical  param.eters  of  the  soil,ie.  conductivity  and  dielectric  constant. 

Beckmann  and  Spizzichino  (5)  studied  the  nature  of  the  scattered  energy  on  a model  of  a 
sine  wav'c  surface  profile. 

Fla.  5 shov/s  the  energy  distribution  of  the  scattering  products  as  a function  of  the 
roughness,  standard! zed  to  the  wavelength  of  transmissicn  i.  The  wavelength  A of  the 
sinewavc  surface  is  lOi,  the  angle  of  Incidence  y - 10°. 

As  long  as  the  roughness  d/X  is  low,  the  main  energy  is  reflected  below  an  angle  equi- 
valent with  the  angle  of  incidence.  With  increasing  d/i  the  main  part  of  energy  is 
scattered  away  toward  higher  angles  of  elevation,  so  having  no  chance  to  interfere  with 
the  direct  wave  at  the  receiving  antenna,  '.'ote,  that  d/i  is  in  times  higher  on  S-Band, 
so  it  is  understandable,  that  the  influence  of  surface  on  the  data  is  lower  at  these 
higher  frequencies. 

Til, .4  gives  a survey  over  the  first  results  of  the  experiments. 

A computer  comparison  of  each  Piece  of  information  is  not  yet  completed. 

Fig.  A t.  8 illustrate  the  measurement  equipment  on  the  vehicles  and  tlic  receiving 
stat  ton . 
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Tab. 4 : First  Results 


1 1)-5 


In  flat  terrain  (optical  sight) 

S-Band:  Signal  attenuation  higher. 

Data  quality  higher  than  P-Band  transmission,  no  noticeable  function  of 
polarization. 

P-Band:  Horizontal  polarization  gives  better  performance  than  vertical 

Defraction  due  to  obstacles  (buldinqs) 

S-Band:  very  poor,  total  signal  drop  out 

P-Band:  signal  attenuated,  but  no  drop  out 

Propagation  in  Forest 

S-Band:  signal  attenuation  higher  than  P-Band  (~f^) , independent  of  polarization 
Statistical  data  evaluation  not  yet  completed. 


Propagation  over  Water  Surface 

S-Band:  Data  quality  higher  at  vertical  polarization  compared  with  S-Band  hori- 
zontal and  P-Band. 

P-Band:  higher  quality  at  horizontal  polarization  compared  with  P-Band  vertical 
signal  attenuation  less  than  S-Band,  independent  of  polarization. 

5 . Conclusions 


As  long  as  optical  sight  is  guaranteed,  the  data  stream  transmitted  under  a low  angle 
of  elevation  in  S-Band  is  more  immune  to  interferences  by  reflections  although  the 
signal  attenuation  is  higher  than  in  P-Band. 

As  the  effect  of  land  surface  roughness  is  ten  times  higher  in  S-Band  than  in  P-Band 
the  most  part  of  reflected  energy  is  scattered  away  towards  higher  angles  of  elevation 

Thus  the  direct  ray  is  not  so  much  effected  by  reflections. 

The  use  of  S-Band  in  forest  and  open  country  with  larger  buildings  is  very  restricted 
to  small  distances. 

Further  experiments  are  planned  with  circular  polarization  and  different  digital  codes 
of  transmission. 
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DISCISSION 


ll.Scrii:  You  told  us  in  vour  introduction  tiint  the  reflection  factor  is  an  irportant 
point  i f the  influence  of  wave  preparation  is  concerned..  Can  you  rive  us  sone  firure 
about  the  naximin  reflection  factor  vhicii  is  to  be  c.xpected  over  sea  and  r.round  without 
and  witli  veretation? 

C,.\'.''ayer : Reflection  coeffeients  under  a low  anple  of  elevation  arc  almost  independent 
of  the  qua  1 i tv  of  soil,  for  plain  surface  -1;  this  means  that  the  amplitude  of  the 

reflected  wave  is  not  attenuated,  the  phase,  however,  is  shifted  by  ISO  degrees.  Intro- 
ducing roughness  on  the  surface,  the  amplitude  is  attenuated  depending  on  the  relative 
height  h/X.  of  the  roughness  profile.  In  S-hand  f\=lt  cml  , for  example,  the  attenuation 
on  a sine  wave  profile  for  h/>.  approx  ima  tel  v equal  to  0.5^  is  more  than  20  dR. 

It  is  not  easy  to  measure  R hy  experiment,  as  at  a receiving  site  with  simple  methods 
only  the  integral  effect  (reflection  from  an  unknown  number  of  reflection  points)  may 
he  determined. 

II.  J . Albrecht  : Considering  the  three  main  categories  of  possible  terrain,  viz., plane, 
hilly,  and  mountainous  terrain,  would  your  measurements  he  adequate  in  quantity  to  be 
representative  of  any  one  category  ? 

G.V.'’ayer:  Kc  concentrated  our  activities  to  get  information  about  propagation  over  sea 
and  over  flat  terrain  with  vegetation  to  support  future  military  and  civil  research  and 
evaluation  programs  which  employ  R-hand  telemetry  from  boats,  buoys  and  tracked  vehicles. 

■'easuremen t s in  hiliv  and  mountainous  terrain  will  possibly  follow  in  case  there  is  a 
future  application  in  such  terrain. 

I.P.felsen:  You  men'ionel  that  some  of  vour  data  involve  propagation  from  undisturbed 
^f»j-rain  into  a forest  environment,  hid  vou  carry  out  an  interpretation  of  the  data,  and 
if  so,  did  vou  find  it  necessary  to  take  into  account  the  lateral  wave  which  skims  on 
top  of  the  forest  and  penetrates  bv  refraction? 

^ ,W'*:^ycT : Interpretation  of  tbe  data  is  not  vet  completed  due  to  a computer  exchange  in 
our  research  center  w-wivh  vs,as  a factor  of  delays.  It  is  hoped  to  include  the  results 
into  the  IGARI'  publication  of  the  meeting. 

U'e  know  of  an  earlier  Xr.ARP  paper  which  describes  the  lateral  wave  propagation  on  top  of 
the  forest  and  we  hope  to  get  experimental  data  about  it,  when  our  liardware  is  prepared 
to  do  this. 
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Ionosphere,  atmosphere,  oceans,  earth's  crust,  etc.,  represent,  in  the  main,  a 
set  of  layers  with  different  electrical  properties.  In  this  paper  the  influences  of 
structures  and  behaviours  of  different  layers  or.  ELF  communications  will  be  examined 
and  some  theoretical  approaches  to  proparatlon  will  be  reviewed,  taking  into  account 
certain  methodologies  assessed  for  a particular  transmission  channel,  l.e.  the 
acoustic  channel. 


1.  INTRODUCTION 

Surfaces,  interfaces,  layers  — these  very  general  expressions  are  interpreted  as 
follows;  the  surface  is  an  abstract  geometrical  concept;  the  Interface  Is  a surface  of 
separation  between  two  propagating  m.edla;  the  layer  is  a region  delimitated  by  two 
Interfaces.  From  a physical  point  of  view  and,  In  particular,  for  telecommunications 
I when  a boundary  Is  considered,  It  has  to  be  regarded  as  being  In  one  of  the  three  physical 

aspects  mentioned  above,  which  respectively  Imply  a variety  of  param.etrlc  considerations 
that  cannot  be  ignored  and  that  depend,  of  course,  on  the  required  definition.  In  the 
concept  of  prupagat  lor. , the  transference  of  "something"  from  one  point  In  a space  to 
another  Is  Implicit;  "som.ethlng"  may  be  matter,  or  energy,  or  information,  or  all  three 
together. 

The  basic  formal  mathematical  approach  for  electromagnetic  propagation  and  for 
I acoustic  (elastic  waves)  propagation  Is  the  same,  and  in  both  cases  the  behaviour  and  the 

structure  of  interfaces  affect  the  propagation  or,  m.ore  precisely,  the  signal  that  has  to 
1 be  transmitted  and  received.  In  principle.  It  Is  Impossible  to  disregard  telecom.m.unlcatlon 

problems  from  any  physical  measurem.ent , since  any  type  of  measurement  can  be  considered  as 
a sort  of  non-  or  quasl-semant Ic  communication,  or  a unidirectional  communication; 
passive  detection  Is  also  the  same  type  of  com.munl oat  1 on . In  a physical  measurement  the 
Information  at  the  receiver  Is  somehow  produced  by  m.aklng  a comparison  between  the 
received  signal  and  the  originating  physical  phenomenon,  whereas  in  telecommunications 
; the  comparison  Is  made  between  the  received  signal  and  the  transmitted  one.  In  both  cases 

however,  a certain  a priori  knowledge  of  the  expected  signal  Is  required.  Fany  authors 
have  treated  the  problem,  of  electromagnetic  ELF  com.m.unlcations  (PANGS,  1966;  lEEF  Trans., 
197«;  BERNSTEIN  et  al,  197't;  NATO  AST,  197*^ ; TACCONI,  197'l;  WATT,  1970;  WAIT,  197'<). 

It  Is  well  known  that  elect  rom.agnetlc  perturbations  In  the  ELF  range  propagate  in  that 
particular  wave  guide  which  Is  the  earth-ionosphere  rap  even  at  cl  rcum.t  errest  rial 
distances.  The  miathenatlcal  approach  is  Identical  for  any  frequency  range  and  the  well 
known  formula  for  the  skin  depth  underlines  the  physical  meaning  of  the  approach: 


« = 


where  u Is  the  relative  permeability  of  the  medium.;  In  the  case  of  air-sea 
Interface,  the  m.edium.  Is  the  sea  water. 

0)  Is  the  angular  frequency. 

o Is  the  electrical  conductivity  of  the  sea  water. 

Electrom.agnetlc  FLF  propagation  presents,  with  respect  to  the  boundaries,  a property  of 
high  penetration  power  (skin  depth)  which,  from  the  point  of  view  of  communication  through 
dispersive  media,  represents  a remarkable  advantage.  Ionosphere,  earth's  crust,  and  the 
oceans  are  examples  of  such  media. 
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teiezitch  ptogtaime  pahtiatty  (inanced  by  the  Itatian  national  Reieatch  Council  (CNR  Rome) 
Conltact  Ho.  CT  Th. 00101 .01 . The  itudy  o(  thii  papg't  wai  done  Eh  the  ambit  C((  the 
above  contnact. 
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2. 


THE  ELF  TRANSMISSION  CHANNEL 


The  general  theory  of  telecommunications  car.  be  used  also  In  the  case  of  electro- 
magnetic ELF  links.  In  general,  a transmission  channel  can  be  considered  as  in  Fig.  1. 

The  medium  Is  represented  in  this  figure  by  a block,  In  the  more  common  cases  such  a block 
Is  considered  as  a linear  filter.  In  reality  the  linear-filter  analogy  represents  a drastic 
and  unrealistic  simplification.  However,  the  associated  filter  can  take  Into  account  the 
various  significative  parameters  of  the  medium  whatever  It  is.  A very  general  model  cf  a 
signal  propagating  in  a medium  dellm.ltated  by  two  Interfaces  (Fig.  2)  can  represent  an 
electromagnetic  as  well  as  an  acoustic  scenario.  In  this  simple  model  the  three  effects 
of  surface  scattering  S(gj,  bottom  scattering  S(b),  and  volume  scattering  S(v)  are 
com.beined  and,  as  a consequence  of  this  m.ultlple  combination,  the  signal  detected  by  the 
receiver  is  deformed.  The  deformation  of  the  signal  can  be  summarized  in  term.s  of  tim.e 
spreading  and  of  frequency  smear  and,  although  this  Is  still  a simplification  of  the 
problem,  it  represents  a very  useful  tool  for  invest Igatlng  the  characteristics  of  the 
transmission  channel.  In  the  case  of  electromagnetic  propagation  between  the  Ionosphere 
and  the  earth's  surface,  the  volume  scattering  of  the  atmosphere  Is  no*-  taken  Into 
consideration,  whereas  that  of  the  ionosphere  and  of  the  earth's  surface  (the  boundaries) 
m.ust  be  carefully  considered. 


Propagation  phenomena  can  be  studied  In  a general  way  from  a purely  physical  point 
of  view  with  very  little  consideration  being  given  to  the  practical  aspects.  Or.  the 
contrary,  with  telecommunications  certain  practical  param.eters  such  as  wave  length,  range, 
skin  depth  values  and  others,  must  be  carefully  considered.  In  particular,  at  ELF  ranges 
and  with  particular  sizes  of  layers,  the  ray  tracing  approach,  namely  the  solution  of  the 
eikonal  equation,  is  not  sufficient  to  satisfactorily  describe  the  preparation  phenomena, 
an  approach  In  term.s  of  normal  modes  is  required  for  such  a case.  In  the  FLF  ranges,  the 
scattering  strength  of  Interfaces  Is  not  due  only  to  the  peom.etrlcal  structure  and  fluctua- 
tions of  boundaries  but  also,  and  mainly,  to  the  distribution  of  som.e  of  the  physical 
parar;eters  of  the  medium  on  the  other  side  of  the  boundaries  and  where  the  rerturbaticn 
penetrates,  namely  the  thickness  of  the  skin.  The  m.ost  Im.portant  of  those  param.eters  for 
electrom.agnet  ic  propagation  is  the  conductivity  c . 


3.  SOME  ASPECT  OF  TELECOKFUNICATIONS  IN  FA.NDOr-:  KEriA 

As  outlined  In  Fig.  1 the  block  der.om:inated  >Trir*'  m:ust  Include  also  the  effects  cf 
the  boundaries.  Making  some  assum.ptions  on  the  properties  of  the  physical  parameter:  , 1* 
is  possible  to  assess  a m.odel  that  enables  the  IxinUM  to  be  considered  as  a filter  wi*h  a 
certain  response.  In  order  to  take  into  account,  in  the  most  reallsMc  way,  the  behavl  ur 
of  a m.ediur.  — randomly  variant  In  t Imie  and  In  space  — using  the  filter  ar.al.gy,  ;•  ts 
ocnvenlent  to  summarize  starting  with  the  m^ost  simple  situation.  T.atles  1,  2,  ?,  and  5 
sum.m.arlze  the  formal  filter-analogy  expression  of  various  aspects  cf  a trar.sm.lssl:  char.r.el  . 

Tr.  Tables  1,  2 and  3 the  sp-ace  charact  er  1 z.at  Icr.  Is  In  parer.''hesl  s , because  the  effect  . 
space  Is  not  expllc  itally  considered,  wh.ereas  in  Table  2 and  ■"  space  Is  considered  bu“  r • 
time. 


TAHLF  1 


M-3 


The  channel  described  in  Table  3 can  be  represented  by  means  of  one  of  the  four  functions 
connected  to  each  other  by  Fourier  transformation  and  antitransformation  (S0STRAND  , 1968; 
LAVAL,  1972),  for  Instance,  the  f , f ' , t ,t ' ) is  a function  defined  in  a four  dimensional 
representative  space,  where  f'  is  Independent  from  f , and  t'  Is  Independent  from  t 


TABLE  3 


TIME  RANDOMLY 

VARIANT 

(&  SPACE 

INVARIANT)  CHANNEL 

, t , t ' ) 

= H(f,t) 

K»(f 

.t') 

Rh(T,t 

,t,t'  ) 

= H(T,t) 

h*(T' 

.t') 

RB(f,f 

.9.9’) 

= B(f,9) 

B*(  f ' 

.9'  ) 

Rs(t  ,T 

.9.9'  ) 

= S(t,9) 

S»(t' 

WSSUS 

RnCif 

.At  ) 

Wide  Sense  Stationary 

At  ) 

Uncorrelated  Scattering 

Rp(Af 

,9) 

Rg(T, 

9) 

The  function  Is  the  scatterinp  function,  assumlnp  valid  the  WSSUS  conditions. 

The  convolution  of  Rs(t,$)  with  the  ambipuity  function  of  the  sipnal  produces  a combined 
ambiguity  function  of  the  signal  and  the  medium  ( GF.AN'DVAVX , 1971). 

In  the  three  models  represented  In  Tables  1,  2 and  3,  the  miedium.  is  practically 
considered  uniform  and  isotropic.  Vice  versa,  assum.lnp  the  m.edlum  time-invariant,  and 
considering  only  space  variations  (disunl  formit  les , anisotropies,  etc.),  the  transr.lsslon 
channel  can  be  represented  as  in  Table  4. 


TABLE  4 


SPACE 

VARIANT 

(&  Tire  INVARIANT)  CHANNEL 

H(f.5) 

= Space 

Transfer  Function  - - 

X Is  a space 

h( T . x) 

= Space 

Im.pulse 

r,-,-nni--r  d 1 r e c t i r r.a  1 vector 

B(f .U) 

[H(f 

x)  ] = 

Space  Pi  frequent lal  Function 

S(t.U) 

WSSUS 

= [h(i 

x)  ] = 

Space  Diffusion  Function 

Hypothesis 

Rs(T 

.U'  ) 

where  t'  = At  and  U'  = AU 

.'•ddlng  time  dependance,  the  model  In  Table  5 Is  obtained. 


TABLE  5 


TIW.  VARIANT  & SFACE  VARIANT  CHANNEL 


H(f,t,x) 
h(t ,t ,x) 
B(  r,i(i,x) 
C(T,t,U) 


Space-Tine  Transfer  Function 
Space-Tine  Impulse  Response 


y t[H(f,t,;)] 

^ 3f[h(T,t  ,x)  ] 


Assuming  the  WSSUS  hypothesis  In  both 

time  and  space,  and  reducing  the  spatial  varia- 
tion to  two  coordinates  components  a,  b.  It  will 
be  possible  to  define  a scattering  Tunct ion  In 
four  variables:  Rs(t,i)>,  a,  b)  (WASILJEFF,  1976) 
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A fundaKental  quantit;y  of  the  j,’:»*on;a{fiiotic  depth-sounding  method  is  the  induct  1 on 
arr<  w.  The  lerif.'th  of  tlie  induction  aiTOW  in  jur.t  :umpl;y  the  ratio  of  the  amjditud-n 


The  scattering  function  limited  to  the  case  of  Table  3 has  been  computed  and  used 
In  underwater  acoustics,  and  to  some  extent  It  could  be  used  with  advantage  also  for 
electromagnetic  communications  In  a layered  media.  The  statistical  evaluation  of  the 
physical  processes  that  generate  alteration  In  the  transmitted  signal  Is  quite  Important 
for  approaching  the  analytical  characterization  of  the  channel. 

From  the  preceding  considerations  It  Is  evident  that  in  the  proposed  mathematical 
models,  the  statistical  evaluation  of  the  noise  and  the  signal  is  of  determinant  import- 
ance in  making  generally  operative  the  application  of  similar  algorithm. 


f).  THE  BOUNDARIES  Ih'  ELF  RANGES 

Due  to  the  wave  lengths,  the  distances  Involved  In  ELF  communications  range  from, 
the  order  of  a kllom.etre  to  thousands  of  kilometres.  The  Interfaces  of  interest  are  then, 
in  the  main,  those  represented  In  Fig.  3.  The  m.aln  boundaries  Involved  are  as  consequence 
the  Upper  boundary,  which  Is  the  ionosphere,  and  the  Lower  Boundary,  which  Is  the  earth's 
surface . 

M.l  The  Upper  Boundary 

The  upper  boundary,  namely  the  Ionosphere,  Is  a region  of  the  upper  atmosphere 
between  50  and  300  km  above  the  earth's  surface.  The  Ionosphere  conductivity  varies 
between  1 mhos/m  and  20  rr.hos/m.  The  skin  depth  of  an  electromagnetic  wave  In  a m.edium.  of 
such  conductivity  has  been  calculated  and  reported  by  KRAICHKAl.',  1970,  and  can  be  of  the 
order  of  many  hundreds  of  m.etres.  A signal  propagating  through  the  ionosphere  to  reach 
the  earth's  surface  is  evidently  influenced  by  the  behaviour  In  tlm.e  and  the  space  distri- 
bution of  the  conductivity.  The  model  of  a layered  m.edium  In  regular  layers  with  a well 
known  conductivity  is.  In  this  case,  quite  far  from  the  reality.  The  conductivity 
behaviour  in  the  Ionosphere  Is  summ.arlzed  in  the  following  formulas  ( F.GELAUD  et  al,  1973): 


Cv- 


V OJ 

en  ce 


+ 0J^ 

en  ce 


^ln“cl 

+U)^  . 

in  c. 


•]  e N'e 


Ou  - 


cl 


-■Ho  . 


vt  . ■ 
In  cl 


e Ne 


V,  = collision  frequency 
uig  = gyro  ft’equer.cy 
1 = L.-r. 

e = electron 


Current  Density: 

^ = 2 • (F+vxR) 


PEDEHFEL’  CONil'CTI VITV 


HAi.l  ''rUrny  T1 VTTV 


•AFALLFL  ’CM  1' 'TI'."f; 


y ' 'V.' L I ::  0 ' rp: p' ' t i v i t v 


From,  which  it  is  deduced  that  conductivity  Is  a tensor  .lepeniir.g  ‘'r 
with  the  physics  of  plasma  and  hydrodynamics . 


If  Ionosphere  I.-,  considered  a transr.iss  it-n  r.edlu-,  an.i  since  ‘ s.e  r s'  Irp  ; v 

meter  of  such  a medlu.m  is  the  conductivity  .as  a ccnse.quence  f 'ho  rrev:  us  cn:- : : 

upon  transmission  (I.e.,  K.g.rrr  hypothesis),  a .stat  l.s' leal  eval  u.a‘  '.  -r.  'he  ‘'luc 

in  time  m.ust  be  done.  In  the  FI.F  r.ange  sore  evalu.Ti  n f 'he  backgr  u.nd  y.  'rp  uni  ''  '' 

distribution  has  been  carried  out  by  PF.FUfTF.i;;  FT  AL  and  Fir.  o',  ves  an  ex  ,r:  )e  ' 

the  typical  distribution  of  the  F.LF  noise  compared  with,  'he  assurel  lausslar.  n 
Kore  specifically,  In  hydrodynamic  turbulent  vel:.-c;ey  ‘'ieidp,  ;•  is  r.  ' aleauu'e  ' 
a certain  process  as  random,  but,  r.ore  rlgor'unly,  .as  stalls'  Ically  ie' err  ' t:o  1 ; 

TATAP.''KII,  1971,  underlines  that  assum.p’t  Ions  of  randor.ner-s  )r.  r..any  ca.se.:  r:  - : >■ 

adequate . 


11-5 


The  plasma  physics  and  the  ionosphere  hydrodynamics  can  supply  the  needed  Information  on 
the  fluctuations  and  on  the  space  distributions  of  the  conductivity,  which  will  be  useful 
in  correlating  the  non-Gaussian  distribution  of  the  noise  with  a physical  predictable 
phenomenon.  Telecommunication  theories  and  techniques  can  supply  useful  diagnostic 
tools  (DAVIS  and  MYERS,  197**).  Figure  5 represents  an  ELF  signal  propagating  in  the 
earth-ionosphere  gap  and  received  at  a distance  of  about  5 nanometres.  The  ripples 
represent  anomialles  related  to  magnetospherlc  phenomena.  In  this  case  the  ELF  transmission 
can  be  used  as  a diagnostic  tool. 

4.2  The  Lower  Boundary 

The  lower  boundary  of  such  a particular  wave  guide  (earth-ionosphere  gap)  is  the 
earth's  surface.  This  consist  of  71^  of  oceans  and  seas  and  the  remainder  of  land. 

For  the  oceans  sim.llar  considerations  made  for  the  ionosphere  can  be  applied.  In  this 
case,  the  behaviour  of  the  conductivity  is  more  simple  and  easily  correlated  to  other 
physical  parameters  of  the  sea  water  (i.e.  salinity,  temperature,  pressure).  The 
conductivity  of  sea  water  ranges  from  2.5  to  5 mhos/m  and  the  skin  depth  can  reach 
several  hundres  of  metres.  In  Table  6 a synthesis  is  shown  of  the  implications  of 
interfaces  at  ELF  ranges.  The  field  components,  represented  in  the  Table  by  points,  are 
different  to  each  other  and  depend  not  only  on  the  conditions  of  the  boundaries,  but  also 
on  the  type  of  dipole  (vertical  electric,  vertical  magnetic,  horizontal  electric, 
horizontal  magnetic),  and  also  on  the  range  that  implies  the  frequency  (wave-length). 

For  practical  applications  in  ELF  telecomm.unicatlons , the  particular  cases  summarized 
in  Table  6 must  be  taken  into  account  carefully.  The  calculation  of  the  values  for 
various  field  com.ponents  are  reported  by  KRAICHKAN,  1970. 


TABLE  6 


Range 


INTERFACE  IKPLICATIONS  AT  ELF  RANGES 


Propagation 


Dipole 

Type 


Field  Com.ponents 


FAR  FIELD 
0 » 

Subsurface  - Free  Space 

VED 

VKD 

Ep  • 

’^z- 

H,, 

^z 

RED 

HMD 

Subsurface  - Subsurface 

VED 

VMD 

HF.D 

(U.O.A.D.  propagation) 

HMD 

NEAR  FIELD 

Subsurface  - Free  Space 

'.'ED 

0 Xo 

h i 0^  z i 0 

VMD 

HED 

HMD 

Free  Space  - Subsurface 

VED 

h > 0^  z .5  O"'’ 

VMD 

HED 

HMD 

Subsurface  - Subsurface 

VED 

h # 0"  z <:  0“ 

VMD 

HED 

HMD 

QUASI-STATIC  FIELD 

Surface  - Surface 

VED 

P « x^ 

(1)  General 

1 V n 1 < < 1 

VMD 

''o' 

HED 

HAT' 

(il)  Quasl-near  ranre 

VED 

IYqPI  <<  1 <<  o| 

VET 

HED 

HMD 

TABLE  6 (Cont 

) 

Ranpe 

Propapat ion 

Dipole 

Type 

Field 

Components 

QUASI-STATIC  FIELD 

(111)  ly^ol«l;  Iy  p1  <<1 

VED 

E 

P 

.>  Ep. 

Kz 

VPD 

HED 

KPT> 

Free  Space  - Subsurface 
(i)  Iy^R'  1 «1 

VED 

VMD 

HED 

HM> 

(11)  Iyj^R’I  » 1 

VED 

VKD 

HFD 

HMD 

(ill)  R'»  |z| 

VED 

VMD 

HED 

HIT) 

Subsurface  - Free  Space 
(i)  |YoR|<<i 

VED 

VMD 

HED 

HMD 

(ii)1y^R|»i 

VED 

VMD 

HED 

HMD 

(lii)F»  lh| 

VED 

VNT 

HED 

KWl 

Subsurface  - Subsurface 

VED 

. , 

VMD 

KED 

HKD 

. 

COKCLUPIONS 


The  natter  presented  above  nay  appear  rarraplnous,  because  each  arpunent  is  only 
briefly  nentloned.  More  precise  details  are  contained  in  the  references.  Tn  teleconr.uni- 
catlcr.s,  in  peneral,  the  behaviour  of  the  nediur.  (Includinp  boundaries)  r.ust  be  considered 
and  otiectively  evaluated.  But  how?  Fror.  the  corr.munlcation  theory  it  appears  necessary  to 
approach  any  probler  related  to  transr.lssion  media  in  a statistical  way.  Enormous  amounts 
of  data  have  been  Fathered  already  by  m.any  scientists  worklnr  tn  m.apnetosphere  research  and 
in  ocean  research,  and  their  probler.s  can  be  approached  with  similar  m.ethodolorles , at 
least,  for  telecom, m.un  teat  Ion  purposes. 
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SATELLITE  - bORNE  MONITORING  OF  ATMOSPHERIC 
AND  SURFACE  CHARACTERISTICS  AFFECTING  THE 
PROPAGATION  OF  MICROWAVES  IN  THE  TROPOSPHERE 


E.  Raschke 

Institut  fUr  Geophysik  und  Heteorologie 
Universitat  zu  Koln 
D - 5 Koln  'll 
Germany 


SUMMARY 


In  this  paper  are  considered  some  possibilities  to  observe  and  monitor  on  a global 
scale  such  atmospheric  and  surface  properties  which  affect  tne  propogation  of  micro- 
waves  in  the  troposphere.  Tliese  are  the  fields  of  atmospheric  temperature,  moisture, 
pressure  and  also  of  precipitating  clouds,  further  the  sea  state,  ice  and  snow  cover 
and  the  soil  moisture. 

A manifold  of  satellite  techniques  has  been  developed  in  the  last  years,  primarily 
for  meteorological  applications.  Tliey  may  provide  useful  informations  for  the  purposes 
to  estim.ate  the  atmiospheric  transfer  properties  for  the  rriicrowave  region.  However 
the  existence  of  the  ducting  inversion  layers  near  the  ground  might  be  only  ii.uirectly 
deducable  from  them. 


1.  INTRODUCTICN 


The  propagation  of  electrom.agnetic  ;;aveo  of  the  microwave  region  wit.hin  layers  of 
the  troposphere  uepends  on  tl.e  .T.agnitude  and  spatial  gradier.ts  of  the  refractive  i.ndex 
and  on  t.he  j resence  of  dar;.ping  materials,  such  as  various  i ases  (in  particular  water 
vapor  and  oxygen)  and  of  clouds  v;ithir.  the  atmosphere.  Furthern.ore  the  conductivity 
of  t;ie  subsurface  soil  layers  and  the  roughness  of  t'.ie  oceans  and  sea- ice- cover  play 
an  important  role  in  this  respect. 

Also  spatial  and  teniporal  variations  of  the  refractive  ir.c.ex  are  strongly  linked  to 
those  of  the  atmospheric  pressure  and  temperature  fields  and  the  v.'ator  va;  cr  content 
(see  e.g.  HRUfFE,  lpC3).  . iuctuations  of  ti;e  i..oisture  are  also  responsible  for  c.junges 
of  the  v.-sve  da, •'.ping,  where,  of  cot  rse,  clouds  - in  p articular  p recipitatir.g  clouds  - 
P’lay  a uoi .inat ing  role. 

A global  clir.atolocy  of  tr.e  refractive  index  .and  dat.ping  for  electrci.n^netic  waves 
can  therefore  traced  tack  ■■••iti.in  ti,r-  accuracy  of  a variable  forr.ulr.  to  the  climatclc- 
gy  of  temperature,  n.oisture,  ] ressurc  and  cloud  fields  in  the  tropesphert . HLAh  and 
rUTTCH  (19CC)  published  average  miap'S  computed  froi,.  clim.,'<tclog  ical  averages  of  th.esc 
rclev.ant  quantities.  T!io  expression  "climatology"  i .i  use  d here  in  the  scn.st  of  a 
detailed  statistics  of  the  mentioned  field  ; arar.eters  in  various  tire  ar.d  space  seal..'. 
Tliosp  maps  refer  to  a mean  state  of  tiie  atr.osyh.ert  . 

While  such  a climatology  rii,-!,t  Ir  in.;  ortrr.t  for  tb.e  ; l.'inr.in,  and  inst  - 1 1st  ion  of 
cor.r.ur.icaticr.  links,  t.he  rrcse.’-.t  state  of  t:'.e  alr.osphere  r.ccar,  also  to  '.  o lirewn  i; 
m.any  ca.ses  for  very  irmi.diate  d.eci.sions.  Id. is  refers  in  ; articular  to  the  forn.aticr. 
and  presence  of  "ducting"  invcrsior.s  near  tl,-  ground,  at  t:  r to;  of  t.ir-  planetar,  h u:  ...  r. 
layer  and  in  ti;e  troposphere  above,  and  of  precipitatin'  clou. ha  ir.d  t!. under  cells  '..it., 
large  amounts  of  liquid  and  frozen  v.'ater. 

Informations  on  these  atmospheric  properties  r.ay  be  obtained  in  sore  detail  fror 
the  observational  material  of  the  conventional  rr.eteorological  netr-'oru , wiiic;.  is 
gathering  every  day  data  for  analysis  and  forecast  ;uriOses.  In  t.-.i^  net',. era  r.etc.ra- 
lo^ical  satellites  play  now  ar.  ir..portant  role  to  fill  r;it;.  t.ioir  contir.ucus  ."cn.-ure- 
r.cnts  over  the  er.tire  globe  (lC.-b’  - .■...d  1(V3)  gaps  in  th.e  convent  i cr.al  _rour.u-Lased 
network.  Catellitfc  techniques  nave*  also  beer,  uceu  for  ,_lotrl  observations  of  conti- 
nents for  i.'.ar.y  resources  problems  and  .also  of  the  oceans.  "h<'reforo,  it  ;.uC  beet, 
found  worthwile  to  consider  t:.e  u.'cfuilnoss  of  t:.c„.-  it.frrmiaticnc  for  t:.e  , uri  oscc 
cf  prediction  ar.J  analyses  of  r..iorowave  ; rop a^at ions . 


i.  ■.•■.T':obri.:'.F.:c  rr.ci ep.t r y 

r.l  [rlrciplG  of  batellitc  .'oundir.^s 

Ti.e  recent  advances  of  teol.rrology  for  rer.ote  GOundir.,_s  of  meteorological  larr.r.eters 


rt'or.  satellite  i.  latfoi'n.j  i.ave  I c-e;;  re vifi.'ed  e>:terieively  auriri,!’  t;.e  1,  . LOi^l  i-.i-  - 

i;;  : aaa  ..ILUC , I'^TC).  In  ; rinci;  le  i&Esive  raalc- 

rr.olry  aje.;  aolar  ar.C  terreatrial  or  alao  otellai’  rauiation  as  source  of  ii.foi':  .at  ion . 
In  active  sounding's  the  infort.at ions  need  to  be  deduced  fron  bacascattered  or 
transii.itted  oicnals,  where  the  radiatir.;.'  source,  a laser  or  a radar,  is  carriea  in  a 
satellite. 


The  latter  cate^jory  has  been  rroven  to  be  useful  durir-b  nany  aircraft  fllbnts  and 
in  a few  research  satellites,  but  is  still  under  uevelopr.ent  for  operational  use  in 
satellites . 

Passive  soundinds  in  tiie  solar  spectral  rar.t.e  and  in  the  infrared  are  now  in 
operational  use.  Vertical  ir.easuron;er;ts  e.nable  plolal  ol  servat  3 ons  cf  tcr;pcr-,'.turf 
and  cloud  fields  in  the  troposilncre  and  loi.'er  stratoophene . Lin.b  scanning  tecnniiiues 
are  in  use  - not  yet  operational  - to  obtaiji  infcrn.ations  on  upper  strato-  and  meso- 
spheric state  parameters.  Passive  i:iicrov.uve  r.easurei.er.ts  have  also  leer,  used  in 
various  research  satellites  for  botn  ; ur,  oses , ii'.apiiiL  p;d°und  properties  ar;d  soundir.p 
the  atmosphere. 

2.2  Te.'r.perature  and  I'oisturo  Fields 

Frot.  vertical  multispectral  30undir.t.s  in  tne..infi'areu  t!.e  vertical  tet.p erature 
: rofile  in  the  tro;  ospnore  ca:.  :e  ol  tained  v.it;i  ^ l.p  2 r-.F.''-error , if  cot. i area  witi. 
nearly  simultaneous  radiosonde  measure: .ei.ts  over  the  same  area  (FhITb  et  al.,  1572). 
but,  the  vertical  resolution  is  basically  lir.ited  to  t:;e  order  of  2 - hit.  D.us 
t!;e  in  tiieir  vertical  extent  r.uc.h  sr.aller,  but  very  effective,  inversion  layers 
cannot  bo  discovered  and  monitored,  ."ince  clouds  ccnta;..inate  all  soundings  in  the 
infrared , tiiere  have  been  inet.hods  develc;  ed  foi’  si:,  ultancous  iteasurements  in  ti.e 
ir.frared  and  microwave  recion.  These  i ror.ise  an  Ir.provof.er.t  cf  t::e  accuracy  for 
the  mean  temperature,  profiles  in  tiie  lower  troj  ospnero  but  not  tlieir  vertical 
resolution. 

Vertical  soundinps  of  t ro;  os;  ;;eric  watei'  va;  or  ccr.tei.t  a:...  profiles  :,.ay 

only  yield  to  accu.”acics  of  11  - 2;.l  of  t;.e  oLcervei  Si'eciflc  r : ;i:y  and  to  v.  rtical 
jrofiles  rosoivinb  l:'.for'.-..':t  ic:..-  - f t-o  h:.  aiart.  /-.tia:.'.  t.,e  t t ios  vti'tical 

moisture  profiles,  which,  .arc  .assoc  i ,itcd  with  invers  ior.s  car.n.t  ie  locate.;. 

lim.l  scanning  cccultatio:.  (stars,  sun)  teohn i;ue.'-.  yii-l.  t>  ..it-b'r  V'_rtlcal 

resolutions,  but  they  cannot  le  a:;  lies  to  t..e  Ici.e;’  trci  o^.l  :.ci'e  .ue  t..  clouv.  effect.’. 

Ti;uc , the.se  multispectral  satellite  scui.dii.|_s  :.ay  ii'pncve  Cui'  : res.,  i.t  ..:.owledi_c 
on  ti.e  -ijiatial  laru,e  - scale  clir.atf  loby  of  te.-.p.-i’ature  ai  d i.oisture  fit-l..s.  ; ut , t;.'’' 
finer  and  in  t.iis  aspect  nucl;  r.ore  i::.i  ortant  seta:  l.i  in  ti.eir  vsrtical  ot.—ucture, 
such,  as  bdour.d  ir.vei’sions  etc.,  ro:..ai:.  largely  ..nuisoovL  red . 

Their  presence  n.ibiit  be  aeduced  fre:-,  ct..e.-  i r..iicatoi's  whi  cai.  ..till  ie  olserv.. 
froi'i  S'lteliitos.  Ti’.ese  are  r.ainly  cloud  fiel  is  asscci.'.te  : to  fro;  tal  s.'storr,  ti'.'.^i- 
wind  system.s  and  stroncly  sevelop  od  p lanetai’y  1 oun.iary  laycin..  T:.c-  lalt'-;’  ”■  • '1.' 

capped  with  ari  inversion.  Also  over  si.ow  a:..:  icefieiss  an  ; r.vei’S ! l;:ycr'  forr.s 
consistently . 

The  temporal  resolution  of  suoi;  r.eas.jrements  i:.ay  rahe.e  fr..n.  cnco  or  bwict  to  abiL-t 
bo  times  a day,  •.■.hero  even  gravity  \.aves  travolly  :-.\cx.c  ir.versi'i.  i:  Ic  traci.e.. , 

if  t;:ey  visible  in  ti.e  cloud  field  sli'uctin’es . li..re  i.;.ve  i ee;.  .many  exa.'.pies  . p p:\-vil 
waves  studied  with  tir.e  lapse  movies,  '..uiici.  can  U obtair'.eJ  conver.iei.t ly  fro:,  iir.atet 
taken  in  rather  sh.ort  tiir.e  steps  (2o  - }o  :..in)  fi’cm  p^eostat  icr.ary  satellites. 


2.3  Atmospheric  Pressure 

Pemote  sensinp;  of  the  atn.osp  i.eric  pressure  at  any  defined  level  from,  satellites 
requires  in  principle  measurements  of  the  total  airmfiss  between  tnat  level  and  t:.. 
satellite.  Euch.  techniques  can  use  in  p.rinciple  r.ultispe ctral  microwave  radars  to 
avoid  cloud  and  aerosol  effects.  They  arc  under  develop  mer.t  and  r,.ay  le  u;>-fui  for  the 
interpolation  between  surface  data  - in  particular  over  oceans  - r.easurou  otherwise  at 
well  calibrated  land  stations.  It  has  not  yet  been  p-roven,  tb.at  they  will  accor.piisn 
■accuracies  of  the  order  of  1 nPa,  the  comi.on  radiosonde  error.  Also  the  ft-asil  i 1 i ty 
of  sp.octral  measurements  over  the  ocean  has  beer,  studied. 

Other  possibilities  to  obtain  the  pressure  at  some  reforet  'e  level  i.ave  I eei.  explo- 
red v;ithin  activities  for  the  V.'orld  '..’eather  Watch.  liallons  floating  nearly  at  constant 
pressure  levels  can  easily  carry  pressure  pautes  and  radi oalt imeters . The  latter 
enable  altitude  controls  within  less  than  io  m.  however  tiieir  use  r.itpht  be  restricted 
only  to  the  Southern  l.'cnisp  here  due  to  air  traffic  safety  regulations  and  also  p'Cli- 
tical  reservations. 

Definitely,  crude  estimates  of  pressure  fields  over  the  oceans  are  also  possible 
from  cloud  p'atterns  in  cyclones  and  anticyclones. 
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2.14  Cloud  Fields 

The  feasibility  to  monitor  cloud  fields  has  been  demonstrated  since  more  than 
15  years  with  imaging  methods  in  the  visible  and  infrared.  v;ith  these  data,  only 
cloud  phenomenology  may  be  a useful  method  to  estimate  the  liquid  water  content  of 
non-precipitating  clouds.  However,  no  such  "climatology"  has  been  reported  in  the 
literature . 

Recent  progress  in  the  microwrve  techniques  yielded  to  routine  measurements  of 
thermal  emission  in  the  microwave  region  from  several  US  satellites  near  19  GHz  and 
37  GHz.  These  measurements  enabled  over  oceans  clear  distinctions  between  preci- 
pitating clouds  of  various  rainfall  rates.  Even  an  arjiual  "climatology"  of  precipi- 
tation over  oceans  could  be  accomplished  from  Nimbus  5 data  (RAO,  ABBOTT,  TKEON , 
1976). 

"easurements  of  the  thermal  emission  in  the  37  GHz  region  enable  even  over  the 
higher  emitting  land  surfaces  the  location  of  raining  clouds  associated  to  frontal 
and  convective  systems  (SAVAGE  and  l.'EIN.'IAN,  1975)  • 

Thus,  if  such  imaging  measurements  in  t!)e  microwave  region  are  used  on  the  next 
generation  of  geostationary  satellites,  tlie  attenuation  due  to  mainly  precipitating 
clouds  can  be  estimated  and  forecasted  on  a reasonable  short  time  and  space  scale. 

So  far,  on  t!ie  present  generation  of  geostationary  satellites  only  intruments  are 
being  flown  which  image  the  globe  v.’ith  tiieir  measurements  in  the  visible  and  infra- 
red. 

The  system  of  A - 5 geostationary  satellites,  \:hich  will  be  established  for  the 
purposes  of  FOGr.  (First  GA.RP  Global  Fxiorimerit)  in  1973  and  1979,  may  already  help 
to  accomplish  hourly  forecasts  for  fast  developirg  convective  system.  Tins  requires. 
hcv:ever,  a properly  developed  data  management  system. 


3.  OROUh'D  -STATE  FARA:::- TFPS 
3.1  Sea  State 

The  roughness  of  ocean  surfaces  may  effect  tbiO  microv.cavc  ; ropagatior.  due  to  r.ultiple 
reflections  between  various  wave-crests,  and  it  is  :;no',;n  to  enhance  t^e  formation  of 
the  evaporation  duct.  Recent  efforts  to  ol  tain  the  '..-ind  field  near  the  sea  surface 
have  led  to  the  development  of  tochniquos  to  doteri'.ine  t-.e  oes  st.'ite  or  roug,,iiecs  fror. 
s.atellite  altitudes  (ALIGHCUCF,  1975  ).  For  this  purpose  active  nar.o-sec  onJ  radar 
altimeters  and  r.ultiple  (2-3)  frequency  radar  ii'.ter foror.eter  r.ight  be  proper  tods 
(ALrrRf,  hA.”".'^'^L!:A"'' , .''CriELr.'” , 1965).  llso  passive  imaging  methods  allowing  accuracies 
of  better  tl.an  1°C  have  been  found  useful  to  estin.ate  ti.e  sea  state  and  even  the  foam 
or  white-cap  coverage.  Perhaps  also  use  of  the  polarisation  c.haracteristics  of  emitted 
radiation  can  be  made. 

,heso  latter  measurements  er;able  clear  unu  convenient  uist inct ions  between  ice-free 
and  ice-covered  ocean  and  lake  areas.  Tiieir  continuous  aj  p 1 icut ion  on  several  i.in.bus 
satellites  led  to  a r.ucii  clearer  picture  on  the  ice  covoraro  and  dynar.ics  over  botli 
polar  regions. 

l.ie  water  temperature  ur.derneati.  tin-  surface  sn.i  l..c  salir.ity  v.hic..  affect  to  some 
uogree  tiie  penetration  uept.j  cannot  be  r.oi.itoreu  frc:..  satellites.  Cnly  t!,c  surface 
tet.porature  can  be  obtained  froih  r.easureii.cnts  in  t:.e  i:.frarou  ana  in  ti.e  m.icrowave 
region  wit.hin  1 - 1.5°C  RF.f-error . '.ho  salinity  affects  co.-.side.’-ab  ly  t;;c  emission  of 
r.icrcv.’aves  at  fret;uencios  of  loss  tiiar.  A G!:.-,  ( AI.IEHOUfE,  1'  ,’^). 


3.2  iroperties  of  Land  furfaccs 

Ti'.e  v.ielectric  :ro;ertios  of  continents  Jcpcnc.  not  cnly  on  tiie  t^pe  cf  soil  or  of 
rc:i:s,  but  also  or.  tiieir  st"at i f icat ions . Tlius,  ti.cir  spatial  variations  ::.ii_i.t  'te  ever 
r.any  area.i  very  stror.^;,  wiiicii  is  a useful  tool  to  oxrlcro  wtt.i  airborne  radar  geologi- 
cal sti'iicturos  ccveroii  wit.i  vegetation,  .'xteiisive  use  i.as  already  been  made  cf  tiie 
si  10-  looiiing- airborne -rods.  r. 

Ti.e  soil  moisture,  v;hich  controls  to  se:.,c  extent  tiie  i onetr.'it ion  dept!,  i.as  not 
yet  beer,  r.o.asurc  ! fror.  satellites,  'i'iioi’e  iiavo  beer,  -iiscussod  proj  osals  to  use  i olarisa- 
tior.  tecnniques  in  tiie  viiv'blc,  an;  also  several  ; assive  and  active  microwave  tecn- 
r i ;ue.' , -.'i.i:..  .-.till  need  furtiior  uevelcpme.'.t . .iinco  tne  soil  r.oi.:ture  ccntrols  i.nr^cly 
ti.e  !.  •■  ■ .t:.^ g'  i.e-at  between  continents  aii.i  t.ie  air  aloft,  tiie  amount  an.i  te:,[oral 
wf  it  .,re  alst-  reyjii’t’.i  f:r  nur.eri  .'al  forrc.'ists  of  v.-o;-t!u  r - and  1 eri.a;  s 
.1.;  .,  r . ti.'-r  .’it  Istics  ( c 1 i r.a  to ) . 

1 -r.t  : nen  tal  snow  cover  can  be  i.oti  i tcre.i  on  im..ag‘’s  :n  ti.e  visiili  . F.i  cro\.  .ava 
• ••  n.i.  i-;uo.i  ie  1 to  reasei.abic  esti:  ,'ites  ef  the  unov.-  tiiichn-s;-.  (perna,  s 3 scalis)  a;i„ 
••etr.uss  ( M-t  t.'  ;r- Stic  c..ai.gcs  of  tri  ssi  vity ) . These  l.'tter  t' ciiiii  ;u'..s  iiaV'  t.ct  yet 
be>'!.  f.'-n  in  satr-ilites. 
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-n  C!;is  paper  are  shortly  reviev;ed  possibilities  to  i:.or.itor  several  att.cspaeric 
ana  tTounJ  parai.oters , v/.-iich  affect  t;ie  propacEtion  of  i:.icroi;aves  in  t..e  lo’.;er 
troposphere.  The  in  tiiis  respect  perhap'S  ;:.ost  it.portar.t  teciperature  inversions  in  tr.c 
at! '.osphere , v.’nich  are  also  associated  v.'ith.  discontinuities  in  r.cisture  profiles, 
cannot  be  inferred  directly  froi..  vertical  soundir.sps.  There  are  ar.ple  opportunities 
to  observe  cloud  fields  - also  precipitatinc  cloud  systems,  and  many  surface  charac- 
ter ict  ions  . 


In  order  to  judppe  more  thorourlily , than  done  in  tiiis  p'aper,  t.he  ir.portance  of 
various  remote  sensinp  techniques  to  monitor  the  transfer  p rop>erties  of  . .e  ati .osp  i.ere 
and  of  tiie  cround  for  t.icrovjaves  in  communication  links,  a preparatory  st..dy  of  tiu. 
accuracy  requirements  for  all  tuesc  piurarr.oters  i^entior.ed  above  needs  to  e doi.e. 


i.  HEFERupcEf 

ALISHOl'CE,  J.C.,  1975:  A fui:j;iary  of  tne  Kadior.ietric  lec.nnolopp;y  Tciiel  of  t;;e  Ocean 

furface  in  the  Microwave  Feppion. 

MOAA  Teci.n.  iiemorandun  i.'EGS  uu,  V.'asiiinp;ton  T.C. 

ALTERS,  V,'.  , FASSELriA;;.'; , , SCi.Ii'LER,  M.  , 1975:  Fernerkunuunc  der  I'.eeresoberf  lache 

von  Satelliten  aus. 

HAL'MFOnSCl.UL'C:,  1,  8-14 

HA. .'DEEM,  V.'.R.  and  FFTTEi-EERu , S.  , ed.  , 1976:  Frocee  dines  of  the  "fyr.posiu:..  on  .Meteoro- 
logical Observations  from  apace”,  held  during  the  19.  COSPAP, 
i'.eetinc,  available  throuch  COEFAr  fecretariat,  7'3olC  Paris 

pea:;,  L.R.  and  IETTCM,  ■'.f.,  1966:  Radio  Meteorology  ,:.ational  F-ureau  of  standards 

i.onoppraph  92,  F.3.  Government  Frir.tinp  Office,  >.as;;ir.Lton  P.C. 


MFITL,  S.,  WARP,  r.T.,  FLEMIMG,  F.E.,  OMITi:,  k.L.,  JACOHOEITZ,  H.  , iilLLEAPY,  P.T.  , 

ALISHOUOR,  J.C.,  1972:  Temperature  foundinpp  from  Oatellites, 
i.'OAA  Tocfinical  Report  '.'EfS  59,  ’.•.'asnincton  P.C. 

IC3U  ■■  WMiO,  1975  : The  Pi-.ysical  basis  of  Climate  and  Climate  !iodellir.£p, 

CAFF.  Fubl.  Series  IC,  'world  iieteorolopical  Orcanisaticn 
Geneve 


Kr.'JEFF,  C.,  1965  : Per  atmosp  harische  L-recliunmsindex  und  seine  M.essunc  mit 

iiikrowellen  - F-efraktometern 

Meteorolopiscines  Institut,  L'niversitSt  iiat.burp; 

RAO,  y..S.V.  AFl'OTT,  W.  , TliEOM,  J.S.,  1976:  Satellite  Derived  Global  Oceanic  Rainfall 

,;aps,  in  FANDEEN  and  KFTTELHEPG , ed.,  1976,  p 121  - 123 


SAVAGE,  R.C.  and  ViEIh'MA:.' , J.A.,  1975:  Froli::.inary  Calculations  of  the  Uperwellinp 

Radiance  from  Rainclouds  at  37.0  and  19.35  CFis 
Hull.  Am.  Meteorol.  Goc.,  1272  - 127« 


T 


13-1 


DISTRIBUTION  OF  ELECTRICAL  RESISTIVITY  ON  CONTIHEHTAL  AREAS 


V.  Haak,  M.  Beblo,  A.  Berktold  | 

Institut  fur  Allgemeine  und  Angewandte  Geophysik  der  | 

Ludwig-Naximil ians-Universitat  MUnchen  i 

Theresienstr.  41/4  i 

D-800C  Kunchen  2 I 

Germany 

SUMMARY 

The  electrical  resistivity  of  the  earth  has  been  investigated  by  several  geo- 
physical methods.  The  resistivity-distribution  in  the  uppermost  kilometers  on  conti- 
nental areas  as  inferred  from  such  measurements  turned  out  to  be  rather  inhomogeneous. 

Generally  a correlation  between  the  distribution  of  resistivity  and  the  distribution 
of  the  geological  units  as  displayed  on  geological  maps  exists.  A few  exceptions  are 
known  and  will  be  discussed  in  the  text. 


1 . Introduction 

The  electrical  resistivity  is  one  of  the  parameters  whereof  sti-uctures  and  consti- 
tution of  the  interior  of  the  earth  may  be  inferred.  In  particular  the  d . c . -resist iv i- 
ty  of  the  rocks  between  the  upper  surface  of  the  earth  and  about  10C0  km  depth  is  a 
quantity  measurable  at  the  earth's  surface.  On  a global  scale  one  can  distinguish  J 
stories  at  different  depths  of  different  resistivity.  In  the  deepest  storey  below 
700  km  the  resistivity  is  less  than  1 ohm' m (this  storey  is  called  the  conductosphere ) 

; the  storey  above  is  called  the  resistosphere  where  the  resistivity  may  reach  values 
as  high  as  several  thousand  ohm'm;  the  uppermost  storey  consists  of  low  resistive  sedi- 
ments, weathered  rooks  and  the  oceans.  Its  thickness  is  laterally  varying  between  some 
100  m to  several  kilometers.  The  resistivity  depends  on  the  amount  of  the  pore-fluid 
and  the  concentration  of  ions  in  the  pore-fluid.  The  following  discussion  will  deal 
with  the  distribution  of  the  resistivity  in  the  upper  10  km,  thus  partly  with  the  resi- 
stivity in  the  uppermost  storey  and  partly  with  the  upp^ermost  resistivity-distribution 
in  the  middle  storey,  the  resistosphere,  in  particular  considering  the  resistivity  on 
continental  areas. 


2.  From  numerous  investigations  all  over  the  world  we  may  conclude  that  such  maps  of 
the  lateral  distribution  of  the  electrical  resistivity  can  readily  be  constructed  by 
means  of  geological  maps.  A geological  map  displays  by  different  colours  different 
types  of  rocks,  and  since  different  types  of  rocks  have  different  resistivities  one 
may  indeed  transform  a geological  map  into  a map  of  the  resistivity-distribution. 

For  example,  red  colours  - representing  metamorjhic  rocks  - display  regions  of  rather 
high  resistivity  (more  than  1000  ohm'mT;  blue  and  brownish  colours  - representing 
mesozoic  rocks  like  limestone  and  sandstone  - display  regions  of  medium  resistivity 
(around  some  hundreds  ohm-m);  a yellow  colour  - repi-esenting  young  teriary  sediments  - 
displays  a region  ofrather  low  resistivity  (tens  of  chm-m  and  even  less).  The  nume- 
rical values  of  the  resistivity  of  the  different  rock-typies  can  be  taken  from  some 
handbooks  (given  in  the  references  at  the  end).  But  one  must  be  carefull  about  how 
such  listed  values  have  been  obtained.  Only  resistivities  measured  in  the  field-site 
at  some  typical  outcrops  of  the  rocks  are  actually  representative  for  the  construc- 
tion of  such  resistivity-maps  but  no  laboratory  measurements  at  rocksamples. 

I Such  maps  of  the  distribution  of  the  resistivity  based  on  the  geological  map  have 

I been  constructed.  For  example  in  the  U.S.  ttie  resistivity  has  been  measured  at  some 

radiostations  and  roughly  classified  as  high  or  medium  or  low  resistivity.  These  cla;-s- 
ifications  obtained  from  a few  selected  sites  werde  extrapolated  by  means  of  a geolo- 
gical map  for  the  whole  area  of  the  I'.S.  (see  figure  1'.  But  since  the  colours  of  the 
geological  maps  refer  to  the  outcropping  rock.s  at  the  surface  of  the  earUi  only  it  is 
open  to  (}uestion  how  deep  these  rocks  reach,  i.e.  whe>ther  such  maps  of  extrapolated 
resistivities  are  valid.  This  question  can  be  answi-i'd  ty  goop  b.ys ioal  methods  m.' asu- 
ring  the  electrical  resistivity  as  function  of  dcp'th.  It  is.  informative  to  compare 
resistivity-distributions  as  inferred  from  geological  maps  v.-th  res  ist  iv  i t y- : jt-t  ri- 
I butions  as  obtained  by  two  geop.hys  ical  methods.  Theru?  methods  are  calle-d  the  "magt.eto- 

telluric  method"  and  the  "geomagnetic  dep  th-souj.d ing  methL’d".  The  c.  mp  arisen  will  yield 
I examples  of  good  correlation  an.d  example.^  of  ijo  correlation.  But  bv'fore  ,-oing  to  liscuss 

1 th''«t  topic  it  is  necessary  to  rougl.ly  outline  both  methods. 
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Both  methods,  the  magneto-telluric  and  the  geomagnetic  depth-sounding  methods, 
are  based  on  the  induction  of  t ime-var.ving  electric  and  magnetic  fields  in  the  eai-th. 
The  origin  of  the  inducing  magnetic  fields  are  time-varying  elecfi-ical  cui'rents  in  the 
ionosphere  and  magnetosphere  produced  by  the  interaction  of  the  solar  wind  with  the 
main  magnetic  dipole-field  of  the  earth.  The  frequencies  of  the  observed  time-vari- 
ations reach  from  1 to  O.OOC'l  cpis.  The  electi-ic  field  of  the  earth  is  recorded  by  *wo 
non-polarizable  electrodes  which  are  inserted  into  the  soil.  The  el ectrode-rpac ing 
may  differ  from  some  tens  of  meter  to  some  hundreds  of  meter.  The  horizontal  compo- 
nents only  are  recorde.i,  usually  in  hV  and  NS  direction.  The  magnetic  field  is  I'ecoi'- 
dedat  the  surface  of  the  earth  by  magnetometers  in  its  three  components,  i.e.  *'!;o  ver- 
tical and  both  horizontal  components. 

Theoretically  the  induction-process  is  governed  by  Maxwell's  equations,  because  of 
the  low  frequencies  of  the  electi’omagnetic  fields  concei-ned  and  the  actually  low  i-e- 
sistivities  of  the  rocks  the  term  regarding  the  displacement  currents  may  bo  lro[ ped 
within  an  accuracy  of  some  orders  of  magnitude.  This  implies  that  the  induction  ; I’ceess 
inside  the  earth  is  to  be  described  by  a diffusion  process  rather  than  by  a wave  j ro- 
pagation  process.  The  fundamental  equations  are  therefore  the  "dif fusion-equa*. . r.r": 


i aj  u (T  E 
■0 


= i ^0 


with  E electric  field  (V  m ) 

B magnetic  field  (Tesla) 

—7  — i 

u magnetic  peimeability  (h  ir  10”'^  ohm-s-m  ) 

° - 1 

CO  angular  frequency  (s  ) 

<r  electrical  conductivity  (ohm  • m ) = resistivity" 

The  electrical  conductivity  iT  in  both  equations  is  a real  value,  not  dependent  on 
frequency,  solely  dependent  on  the  proper-ties  of  the  rocks. 

Both  methods,  the  magneto-tel luric  and  the  geonagi,etic  depth-sounding  method,  are 
based  on  the  same  physical  process,  they  ,iust  differ  by  the  choice  of  field-components 
they  take  into  account.  In  the  magneto-telluric  method  only  the  horizontal  components 
of  the  electric  and  magnetic  field  are  considered,  in  the  geomagnetic  dejith-sounding 
the  three  components  of  the  magnetic  field  are  considered. 

In  the  magneto-tel luric  .method  one  fundamental  quantity  is  the  ar rarent  resistivity: 

u E (i<')  2 

’a  cO  B (iJ) 

y 

'* 

where  x and  y designate  orthogonal,  horizontal  field-components. 

The  ap;  aront  resistivity  is  a function  of  frequency.  This  frequency-dependence  is  liOt 
caused  by  the  actually  neglegible  ii."j  lacenent  currents  but  caused  by  the  frequency- 
dependent  depth  of  penetration  (skin-effect)  of  the  induced  fields.  The  depth  of  pene- 
tration increases  with  lecreasing  frequency.  The  apparent  resistivity  may  roughly  be 
understood  as  a mean  resistivity  from  the  surface  of  the  earth  till  the  deptn  of  pene- 
tration. There  exist  methods  to  transform  the  measured  apparent  resistivity  as  function 
of  frequency  into  the  true  resistivity  as  function  of  liepth. 

Another  fundamental  quantity  in  the  magneto-telluric  method  is  the  ; refei-ence  direc- 
tion ; _ ' ectric  field.  Usually  the  inducing  magnetic  field  is  ell iptical : y pola- 

I'ize..  . ■ ajbitrary  directions  of  p-cl arizat ion. The  corresponding  iirections  of  pola- 
rization of  t.he  electi'ic  field  sliould  be  perpendicular  to  the  directions  of  polari- 
zation of  the  magnetic  field,  but  this  is  only  true  in  lateral  uniform  distributions 
of  resistivity.  In  lateral  non-uniform  resistivity-distributions  the  directions  of  pola- 
rization of  the  electric  field  are  confined  to  a more  or  loss  nai-row  angle. 


preference  direction 


.“ingle  dij'pction.s  of  polarization  of  the 
magnetic  fiel  I electric  fi'-ld 


The  mean  valu'-  of  that  anrle  iv  ‘he  ; r-  fee.  -.ee  ;ij-.  ; i.  , • );.  , ].■(.■ 

dome  author.  [ ref-r-  to  call  thiv  Viai.tify  ' ''ilr'C'ci  f ma.Ur.  t,xi. 

i.'iotr-,  [ ic  apiai-ejit  r- 1 .•  iv  . In  r a lonr,  ! u'  narrw  ' r-  ugh  fill' 

i;-*' 1 v<  .■  !ime!.'.'  ir.  l;i,-l.ei-  .c‘  iv-  .'Ui-t-'  in  ; ;i.g  Me-  i n l'  i- nce  • 

' I'-e*":-;"  fiel  1 laralle]  ‘r  > Br.  .-tr-ike  iir-ec’i  i.  f • iv  ’ uri.  in,  i ;•  ' v- 

.••■hill'  ‘hey  ar--  n ! I (-  1 1 a r-  ‘ - ‘he  .' ‘ r i ke- i ; c ‘ -I'.-ii-  ‘y.-iivt. 
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A fundamental  quantity  of  the  geomagrietic  depth-sounding  method  is  the  induction 
arrow.  The  length  of  the  induction  arrow  is  just  simply  the  ratio  of  the  amplitudes 
of  the  vertical  and  horizontal  component  of  the  magnetic  field  and  is  proportional 
to  the  contrast  between  the  resistivity  inside  and  outside  of  an  anomaly.  If  we  con- 
sider straight  line-currents  then  the  magnetic  field  lines  form  elliptical  loop)s  around 
it.  The  direction  of  the  induction  arrow  is  always  parallel  to  the  plane  of  these  loops 


♦ t 

f I 


1 i 

i 4 


In  case  of  the  long,  narrow  trough  filled  with  low  resistive  sediments  - as  considered 
above  - the  induction  arrows  would  be  perpendicular  to  the  strike  direction  of  the 
trough. 

These  three  most  important  quantities  are  commonly  used  to  display  the  first  and 
even  further  results  of  field-operations.  They  are  true  anyway  because  they  are  cal- 
culated directly  from  the  observed  electric  and  magnetic  fields  where  the  hereof  in- 
ferred distribution  of  the  true  resistivity  may  be  biased  by  some  incompleteness  of 
the  used  interpretation-  theory. 


Induction-arrows  (Wiese) 


enhanced  flow  of  induced  currents 


Induct  ion-arrows 


4.  How  do  the  resistivity-distributions  obtained  by  these  methods  correlate  with 
the  resistivity-distributions  as  inferred  from  the  geological  map;  There  exist  regions 
where  the  correlation  is  perfect.  In  figure  2 a close-up  view  of  a part  of  the  Eastern 
Alps  displa.'f;  the  geology  and  the  observed  preference  directions  of  the  electric  field. 
After  transforming  the  geology  into  the  distribution  of  resistivity  the  preference 
directions  of  the  electric  field  were  calculated  theoretically.  If  one  compiares,  the 
agreement  of  such  calculated  and  the  observed  preference  directions  is  rather  obvious. 

In  figure  5 the  geological  map  of  Southern  Germany  and  adjacent  countries  was  trans- 
formed into  a resistivity  map,  just  using  the  three  classifications:  high  or  medium  or 
low  resistivity.  By  comparing  the  preference  directions  of  the  electric  field  with  the 
resistivity-distribution  at  the  Rhinegraben  and  in  the  region  of  the  molasse-basin 

we  again  observe  the  high  degree  of  agreement:  The  preference  directions  of  the  electric 
field  are  parallel  to  the  strike  direction  inside  the  low  resistive  region,  perpendi- 
cular to  the  strike  direction  outside  the  low  resistive  region.  In  figure  4 the  pre- 
ference directions  of  the  electric  field  in  the  region  of  the  Baikal  Kift  shows  the 
same  good  agreement  with  the  geology. 

It  seems  to  be  rather  general  that  the  distribution  of  the  preference  directions  of 
the  electric  field  behaves  very  sensitive  to  the  near  surface  resistivity  distribution 
and  therefore  agrees  tjuite  perfectly  with  the  resistivity  distribution  as  inferred  from 
geological  maps.  However  the  induction  arrow  of  the  magnetic  field  is  also  rather  sen- 
sitive to  deeper  buried  inhomogeneities  of  the  resistivity. 

In  figure  5 the  geology  of  Central  Europe  is  represented,  again  by  a classification 
with  three  resistivities.  In  the  right  part  of  the  figure  some  of  the  induction  arrows 
known  for  that  area  are  shown.  They  are  such  called  Wiese-arrows  pointing  by  definition 
towards  the  highly  resistive  regions.  The  flow  of  enhanced  currents  deduced  from  the 
distribution  of  the  induction  arrows  is  represented  by  the  thick  curves.  They  coincide 
with  the  low  resistive  zones  of  the  crust.  In  the  Rhinegraben  area  we  observe  the 
correlation  between  the  resistivity-distribution  inferred  from  the  geological  map  and 
the  low  resistive  zone  deduced  from  the  induction  arrows.  Anothei'  example  of  correla- 
tion is  to  be  seen  in  the  North-German/  Polish  sedimentary  basin,  where  the  induction 
arrows  point  away  from  the  low  resistive  zone. 

5.  The  induction  arrows  at  the  coast  of  the  Baltic  Sea  in  figure  5 are  pointing 
towards  the  Sea.  It  seems  to  be  rather  astonishingly  since  one  would  expect  the  sea- 
water to  be  the  better  conductor  than  the  sediments  of  the  continent.  One  would  indeed 
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expect  the  induction  arrows  to  point  away  from  the  Sea  toward;;  the  continent.  Fi-oc. 
these  observations  shown  we  can  infer  that  the  sediments  of  that  area  must  be  much  less 
resistive  than  the  seawater.  Indeed,  very  low  resistivities  of  the  sediments  of  the  Nortl 
Gei'man  sedimentary  basin,  as  low  as  1 ohm-m,  have  been  reported  very  recently  (LOStCKh 
and  WAGENITZ,  1976)-  Such  case  could  be  classified  as  a case  of  "over-correlation":  One 
would  indeed  infer  from  a geological  map  a low  resistivity  but  never  as  low  as  has  been 
actually  observed.  Also  for  the  coastal  plain  of  the  Gulf  of  Mexico  in  the  U.S.  such 
low  resistivities  have  been  reported  (VOZOFF,  1972).  We  should  therefore  observe  the 
"coast-effect",  i.e.  the  transition  from  the  very  low  to  the  very  high  resistivity, 
on  the  electromagnetic  field  somewhere  inside  the  land,  not  as  usually  at  the  coast 
itself. 

The  other  possibility  of  over-correlation  would  exist  if  the  actually  observed 
apparent  resistivities  are  higher  than  the  predicted  one.  Such  unexpected  intensifica- 
tion may  be  met  in  areas  of  high  resistivities  as  for  example  in  the  Bohemian  Massif. 

In  figure  6 the  left  part  shows  the  apparent  resistivities  as  function  of  period  in  the 
German  part  of  the  Bohemian  Massif,  the  right  part  shows  the  apparent  resistivities 
in  the  Czechoslovakian  part.  The  values  are  very  high  for  all  periods  (i.e.  all  depths 
of  penetration).  Such  intensification  may  be  explained  theoretically  by  the  near- 
surface lateral  inhomogeneities  of  the  resistivity. 

6.  The  third  possible  state  of  correlation  would  exi:'t  if  there  is  no  correlation 
between  the  resistivity  distribution  as  infei'red  from  geological  maj  ;■  and  the  resisti- 
vity distribution  as  deduced  from  the  observed  el  ec*- in:magne(  ic  fic-lls.  Indeed,  there 
exist  anomalies  of  the  resistivity  which  do  not  reach  *"!ie  -ar’"h' ;•  surface  and  hence 
arc  not  indicated  in  a geological  map.  If  w-  conv-ider  f^r  ••xam;le  the  resist  ivity  of 
the  pre-cambrian  shield  in  Wisconsin  in  the  U.Z.,  w.-  wuul  : ir;f<  r from  exi.=  tence 

of  metamorphic  rocks  a high  resistivity,  .'uch  a ‘.igii  i .*  iv  ;•  y is  * I'u-  for  the  u;  i ■ r 
few  kilometers.  The  apparent  resistivity  we  weul  i eX!-  ■*  . -.■.■•  n ty  ♦nick  solid 

curve  in  figure  7.  The  observed  apj  are:.t  i-  . ' 1.  i'  .•  . . ..  ■ a:-  -rea.-i.’.g  wi*-h 

increasing  depth  of  penetration.  The  ir.ri:-:-  ; r-  v i s' iv  ; • . t-.-  as  fn.s'iiis  of  lej'-h  are 
shown  in  tlie  lower  part  of  the  figure  (DOWLIZl,  ' '.A  i-a‘!.-r  . imila:'  resis'"  iv  i 'y- 

dis'ribution  has  been  published  by  CAi.'tR  ( ’ !'oi'  the  s ; n w-s*  f ' Kscky 

Mountain  Trench  in  Canada,  rej  resented  in  fit-ore  e.  The  hritisii  Isl-t-  ■ • m • be 
underlain  by  two  low  resistive  s'labs  (BAII.EY  LDWAi-l/.i.  ' ; : This  cincl.isi:n  has 

been  drawn  from  the  distribution  of  t;;c  uiduci-ion  an- v.s  i:.  figur-  ■ (.♦■!. e.v  are  s .c.h- 
oalled  Parkinson-ari-ows  which  poxi'.t  by  dt'fini'ion  towaris  epic  low  ♦■•■s  is*  ive  regicnsh 
The  cross-section  of  the  res.  i;-.' iv  ;♦,;.- i istril.' i m s.hows  two  Iw  i-fsis'lv.-  slabs 
striking  about  SW-NK.  1:.  figui'e  ’ '•he  ; • ribu*  ion  of  ei-.e  irtiucsior.  a:-r  'ws  (they  are 

Wiese-arrows)  in  the  area  of  Kirovogras.  iu  ‘ii,.  r,iraine  (C.d.S.K'  is  shown.  The  low- 
resistivity  anomaly  is  j ro;  ssei  :■  b.-  an  <1  -a*  body  wit;,  a;,  ellijtically  shaped 

cross-section.  Such  cino.-val  ai.omal  i”s  exi.  - si.  all  continertt.  . Als-.  in  tlie  South  of 
Australia  anomal  ou.<*ly  lew  I'l'.- is  * iv;  ‘ i es  h>-low  i oimv.':.  have  beer,  r.easur-i  ii.  figure  1 s' 

a.nd  in  South  Africa  a ra-i.er  long  low  resis'ive  z.-ne  ha.-  b^en  i-  iuced  dim  ♦'he  distri- 
bution of  the  in.iuction  air- ^figure  ’ . 

This  list  of  crus'al  ano.mt-.l  ie.;  .••ill  be  concl'iie;  wi*-;.  •■wo  - xampl--.'-  ar^  very 

.-imilar  to  each  ot.her.  ox."  ai—a  ss.CfT'i.e.i  is  m*  .hi--;  .a . ' ar-a  is  ic-land: 

Both  area.s  ai-e  covered,  rt-s;  e;-' ivel,.  .■s'lrely  ;v;il*-  u;  by  i-a.-al*-  .-I-;.  • :.a*  one  woul.i 
t'xptect  high  resist  i V 1 1 ies  som-wh-r"  ar'un  ; ■■  oiu.-.-m.  ■ ;♦  ♦ ;.•  a ••  .al-.v  i r’-.l- 

stivities  a**  numerou;--  ;i'e..  in  th--  -.Hsal'ic  ai-"a  f !■  - • ; ax--  a.  ! s .■  a.-  • s;-ix;..ir. 

or  leStS  (figure  !■  . v.iite  .'imilar  an  "he  i’- i."  i v ; * . • s :■•-!  • i frs::.  l-ela:.x  l-MA- 

;;CE  and  GFILLOT,  . but  -lo:;;.  Idering  ''lu'  .♦•'g;-.  a:,  i * ;.•  - :-a- . r.  iasal*'  . . 

low  re.sistivities  may  be  r"asoi.able:  i a,'al*-ic  ma'.  : ia;  fi'  :•  ♦ ;-., 

Mantle  i.-;  hot  and  j x-obably  [ai'*ially  mol  ' • • . •'  :a.ai'.'  :•  sj-i  a.-e 

with  incT'a.iix.g  ' ";;.i  era--:re  such.  l...\  re.- i.-:  ; i •- x -.a'  ;•  a'l  ••  •♦■anicai;;.' 

a •*  ive  r-i'i  -r.s  . 
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Demonstration  for  a nearly  rerfec*  i-  ri-'  a • i - 
and  the  distribution  of  resi.-  I Ivi*  y . li..-  ]cf‘  : a:-*  I.-  a 
part  of  the  barter!.  A't:  ( >'X*‘<'Ik' ion  al  i ^ Kr:  x kr, 

measured  preference  iirection.-  of  - I’.-'ric  f ;•  1 f. 
IOC  sec.  The  rerirt  ivit  iep  of  .Uff.  r'-;.*  p.  iKpical 
in  situ  at  rome  outcroj  .■  and  ex'rainla*.  ; t.  ti.e  whole 
geological  maf  . For  this  rerirt  i v i ' ; i . ’ i-if.' ^on  j 
the  elec*'rio  field  have  be-r,  calculrie,.;  theoretically, 
the  right  part  of  th.e  fi^-ui'e  b.v  the  t;.in  bar.r  at  • ac!;  y 
are  the  observed  prefei-ence  direction.'.  Tlare  is  a near 
the  obsei'ved  and  t.he  calculated  j reference  direction.', 
validity  of  the  i-es  I .;t  iv  i t,y  d irt  i-ibut  ion  . (BbKKTOLD,  A. 


■evlogical  . tructure 
.-eol  ..pical  n.ap  of  a 
. In.eer'^ed  are  thc- 
■ ; erio  !;  of  about 
ii'.its  werf'  measured 
,r(  a by  means  of  a 


100  km 


The  resistivity  distribution  of  Southern  Germany  and  the  ad/acer.'^  countries  as 
inferred  fi'oa  the  geological  map.  A rough  classifica<"ion  wav  used;  Crystalline 
and  metamorphic  rocks  = high  resiE*-iv:ty  (dark  shaded  area);  Mesozoic  rocks  = 
medium  resistivity  (ligh*  shaded  area):  tertiary  and  juaternary  sediments  = low 
I'eristivity  (white  area'.  Inserted  are  *'he  obsei'ved  pr<'ferjnce  iirecticns  of  *:he 
electric  field  for  i •■ri -ds  greater  ehan  100  sec.  The  frc'ference  directions  are 
paralhl  to  * he  gecjlogical  borderrwithin  low  resistive  se  i imenr.- , but  per- 

; •r.dicular  to  *iie  bori’-rs  outsid--  (see  the  rv.-o  frofilss  crossing  the  Rhine- 
graben  an  ‘he  l-‘ft  an:  ‘he  two  irofiles  crossing  ^-he  molasse  basin  at  tiie  lower 
I'ight  ; ar*  . I:."  reference  iirec*'ions.  in  tiie  central,  1 igh^  shaded  area  are 

:os:'ibly  causi-^  by  subsurface  stnictui-e.:  of  the  crystalline  basement. 
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APPARENT  RESISTIVITY  (OHM-M) 


PERIOD  (SEC) 


MODELS 


I 

i 

Q 


Ai'i  arent  re;,  i.'t  ivi  t ier,  (upf.er  ,•  art)  and  *'he  inferred  resistivity  - dej-th 
1 i . • I’lbut ion  (lower  [ art)  in  the  [ rccambrian  cru.'t  in  Wi;:c.onsin,  U.:'.. 

One  would  exj.eet  .an  a|far'-nt  re:;i;--t  ivit  y for  that  * ype  of  rock  as  indicate! 
by  th‘-  heavy  .sol  i i OJrv'  . The  observed  afr  ar'dif  resistivities,  however,  are 
te.T' as  inf  with  i ncr'-as  inf  period,  i.e.  incroa;-inf  iej'tli  of  peretration,  th 
rev'-a  1 irif  a low  r'si.'tive  s.rne  in  the  lower  crust.  (DOWLK.'il,  F.L.,  i'‘7n). 


DEPTH  ( KM  ) 


I • 1 I 1 S£»  *«TCR  I 7 

[ :riir;l  l'j|l""T1W  oatNC  CRUST 


The  ion  of  iruiuci  ion  ari’OWf  (Park  inron-aiT'wr- , -f.  ‘ ht  text)  in  Tiie 

British  The  cron;--, -ect  ion  below  of  tiie  ren  i;"' i’.- i t - i i . t rib'ut  ion  - 

for;  to  the  trofilo  indicated  by  the  rtraight  line  above. The  li.'Tribut  ion  of 
the  induction  arrow.--  can  be  explained  if  two  .tlabr  of  low  re;- i.^t  ive  rock 
witr.ir;  the  cru.  t,  .taken  into  account.  (BAILBY,  i . '.  an  i B.d.  Li'UAhbil, 


Fig.  12.  A low  resistive  zone  within  the  crust  in  South-West  frica,  Botswana  and 

Rhodesia,  indicated  by  the  dashed  line.  This  result  lias  been  inferred  from 
geomagnetic  depth-soundings  and  does  not  correspond  to  any  known  surface- 
structures  . (DE  BEER,  J.H.,  J.S.V.  VAK  2IJL,  R.K.J.  HUYSEES . P.L.V.  HUGO,  S 
J.  JOUBERT,  R.  MEYER,  1976) 


O X>  oowri 


Fig.  15  The  resistivity  distribution  along  two  profiles  througli  the  Afai--area,  Ethio- 
pia, inferred  from  iLagnetotelluric  measurements.  The  Afar  area  and  the  adja- 
cent highlands  are  covered  by  mighty  layers  of  basalt.  The  resistivity,  liow- 
ever,  is  as  low  as  10  - 50  Ohm-m.  The  whole  area  concerned  is  several  hundreds 
kilometers  in  diameter.  The  low  resistivities  cay  be  ex^'lained  by  anomalously 
high  temperatures  at  shallow  depths,  probably  caused  by  upwelling,  overheated 
material  of  the  Upper  Kantle.  (BERKTOLD,  A.,  V.  ;1AA>. , G.  Al.’GEI.'HEISTER . 1975) 
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RESUME 

La  dilTiision  dcs  ondcs  iMoclromagiK'tii|iics  par  la  surface  terrestre  csl  iin  phcnorncnc  doni 
Ics  ditticultes  d'etude  sont  bicn  coniuics. 

Son  importance  est  due  aux  applications  nombreuscs  (pii  decoulent  ct  sa  difficulte  est  due. 
il  line  part  aux  ordres  ile  graiuleurs  semblables  des  longueurs  d'omles  et  ilcs  asperites.  d'autre 
part  a la  cornple.xite  iiue  posent  les  mesures  experiinentales. 

Lc  present  expose  traite.  a partir  ilc  inoileles  thcoriiiues  dont  la  lalidite  a etc  verificc  e.x- 
perimcntalement,  des  conseiiuences  qu’entrainent  dans  les  prohlcmes  de  rctrodiffusion.  les 
phenonenes  de  ilepolarisation  et  ile  itillusion  lies  ondes  electromagnetiiiues  par  la  surface 
terrestre.  Une  theorie  de  la  tonnation  des  echos  de  rctrodiffusion  est  reprise  ct  verifiee  par  la 
confrontation  des  mesures  effectuccs  simultanemeiu  par  un  sondcur  tenitlval  et  tin  sondetir 
par  leirodiffusion. 

A partir  de  la  simulation  dii  profil  d'ionisation  par  une  couche  parabolique.  et  de  ses 
variations,  une  etude  quantitative  des  spectres  des  echos  de  rctrodiffusion  a etc  meriee.  Les 
protils  d ionisation  one  etc  mesures  a partir  d une  station  de  sondage  zenithal  et  les  spectres 
calcules  a partir  de  ces  mesures.  Ils  out  etc  ensuite  compares  aux  spectres  des  echos  obtenus  a 
partir  d une  station  de  sondage  par  retrodiltusion  La  bonne  correlation  entre  ces  resultats 
montre  I inlluence  de  ladiltusion  des  ondes  electromagnetiques  par  le  sol  ainsi  que  celle  des 
moiivements  des  couches  ionospheriques 

I.  INTRODUCTION 

Les  probletnes  de  diflusion  des  ondes  electromagnetiques  par  la  surface  terrestre  prennent  un  aspect  particulier 
lorsque  leur  longueur  d'onde  est  de  I'ordre  de  grandeur  des  dimensions  des  asperites  e'est  le  cas  de  la  diffusion  par  lc  sol 
lies  ondes  courtes  dont  les  longueurs  d'onde  dans  le  vide  sont  comprises  entre  10  ct  100  m. 

( ette  gamine  est  celle  des  propagations  ionosphe-riques  transhorizon. 

Ces  problbmes  ont  tde  abordes  par  de  nombreux  auteurs.  Outre  les  etudes  theoriques  fondamentales  de  P. Beckmann 
et  .A  .Spizzichino'  . M A.lsakovitch^ . L.M.Brekovskikh’  des  auteurs  ont  plus  specialement  etiidic’  I'effet  de  la  diffusion 
des  OEM  dansle  domainc  des  ondes  courtes:  L.ll.  1 venten"  . el  D.l  .Barrick.  J M Headrick.  R.W  Bogle  et  D.D.Crombie^ . 
qui  se  sont  plus  spc'cialement  interesscs  an  probleme  de  la  rctrodiffusion  des  ondes  par  la  mcr. 

Le  conlenu  de  cet  expose  porte  spccifi(|Uement  sur  ce  probleme. 

Deux  cas  ont  etc  envisages: 

Lc  cas  oil  la  diffusion  se  fait  sur  le  sol.  Dans  ce  cas  la  surface  peut-etre  definie  par  un  modele  theoriqiie  a 
caracteristiques  aleatoires. 

Le  cas  oii  la  diflusion  se  fait  sur  la  mcr:  dans  ce  cas  la  surface  peut-etre  definie  a partir  d un  modele  ayani  des 
catacterisliques  periodiques  representant  la  houle  et  d un  modele  ayant  des  caracteristiques  aleatoires  rep- 
resentant  le  clapotis. 


1 


1  0 Mijfl  traito  daiiN  .irlicli.-  portc  sur  I'cUkIc.  a parlir  Jc  iiuulolisalioiis  simples  ile  la  surlace  terrestre.  des 
plieiumienes  de  diltusion  ipii  apparaissent.  des  mo>ens  e\perimentau\  de  verification  et  enlin  des  applications  epic  1 on 
pent  developper 


: MODhLISAI  lON  l)t  LA  SliKFAC  L T tRRtSI  RL 

Les  niodeles  utilises  pour  representer  la  surlace  de  la  terre  sont  etahlis  par  la  superposition  de  deux  surlaces 
caraclerisees  par  des  priiprieles  slalistniues  delinies  dans  un  precedent  arlicle"  . C'es  modeles  sont  applicahles  aux  cas  oil 
la  surlace  eclairee  S est  tres  erande  decant  le  carre  de  la  longueur  d onde  X 


2.1  L as  de  la  reflexion  sur  Ic  sol 

Dans  ce  cas  il  taut  lenir  coniple  des  asperiles  du  sol  el  des  inlioinogeneites  du  sous  sol,  la  protondeur  de  penetration 
des  ondes.  pour  celte  gamine  etant  de  plusieurs  metres. 

Le  calciil  a ele  elieclue  a parlir  de  la  tlieorie  de  Beckmann  oil  les  asperites  sont  supposees  normalement  distribuees 
el  caracterisees  par 

leur  ecarl  type  o 

leur  distance  de  correlation  I 


II  est  necessaire  de  laire  apparaitre  pour  ce  modele 

Les  apentes  a grande  echelle  represeiilanl  les  vallonnemenis  du  terrain  et  caraclerisees  par  I , el  o, 

Les  asperites  a petite  echelle  representant  les  petits  accidents  diis  a la  vegetation,  aux  constructions,  aux  in 
luimogcMivMtes  du  sous  sol  ...  el  caracterisees  par  1 2 et  O2 


Les  resullals  ohienus  sont  illustres  par  le  graplmitie  de  la  figure  I i|iii  represenie  le  coefficient  de  ditliision 

lol 


P ^ 


oil  I 2 clump  electrniue  de  I'onde  diffusee 

L — champ  clectruiue  v|ui  serait  iliffuse  dans  la  ilirection  de  reflexion  speculairc  si  la  surlace  S etait  parlaitenient 

plane,  dans  le  cas  ou  I’angic  d'inculencc  est  egalc  a h(l^  el  pour  ditterenles  valeurs  des  paramelres  o,  . I , . 02  . I2 

defmissant  la  surface 


II  apparait  i|ue 

Dans  les  tlirecliiins  voisines  de  la  ilirection  de  reflexiiin  speculaire  1 all.iihlissement  petit  devenir  Ires  important 
SI  le  sol  est  tres  accidente.  tel  le  case  des  monlagnes.  ce  tpii  s'explit|iie  facilement  par  la  plus  grande  diffusion  de 
I'cMiergie  incidente 

Dans  les  autres  directions,  la  difliision  est  due  unu|iiement  aux  asperites  a petite  echelle.  Le  coetlicient  ile 
iliffusiim  tlemeiire  ah'is  viiism  tie  HH)  ilB  tjuelque  soil  la  tlirection  ctinsuleree. 


2.2  I’our  la  Mer 

II  est  necessaire  tie  tenir  coniple.  aioiite  a la  strut  lure  perioilu|iie  tie  la  luuile.  du  claptitis  tjui  s y superpose  Dans  le 
cas  le  plus  simple,  la  houle  peiil  etre  assimilee  a une  variation  sinusoitlale  el  le  clapotis  a un  nuHlele  aleatoire  superpose'’ 

La  houle  est  ilefinie  par  s.i  longueur  d'onde  son  amplitude  h . el  le  clapotis  par  sa  distance  dc  correlation  Is  el 
son  ecart  ty  pe  Os 

[,a  ligiire  2 illtisire  les  resullals  ohienus  tians  le  plan  tl  incidence  en  donnant  la  valeiir  du  coellicient  de  dillusion  p 

h 

tians  le  cas  011  \ 5X  et  pour  dilterentes  v.ileurs  tie  11  2jt  — , le  claptitis  etant  tlelini  par  Os  , .s  . 

II  apparait  t|ue 

Dans  la  ilireclion  tie  reflexion  spetulaire  l allaihlissemenl  n'est  laniais  tres  grand,  meme  pour  line  mer  agitcA' 

III  2 1 

Dans  lex  .nitres  tlireclions  ilu  pl.in  tl  intitlence  le  clapotis  est  la  principale  cause  dc  la  tlillusion.  Le  coclficient 
tie  dillusion  est  tie  I's'rtlre  tie  10(1  dlt  tiiielque  soil  la  direction  d'inculence. 

I nfin.  il  est  .1  iioiei  tpie  telle  elude  periiiel  tie  melire  en  evidence  ties  lohes  tie  ililfusion  silucA  en  ilehors  du  plan 
iruiculence  lorvpie  l.i  In  silt  .1  une  tlire.  Inm  tie  propagation  non  siluee  tians  ce  plan'’ 
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2.. I C'oiu'Uisiun 

Do  oollo  oludo  il  rossorl 

Quo  dans  los  diroclions  voisinos  do  la  direction  d'incidonce,  lo  coefficient  de  diffusion  est  voisin  do  100  dB 

Q)uo  ce  pliononione  etant  causd  par  les  asperites  a petite  echelle  leurs  caracteristiques  aleatoires  entrainent  une 
depolarisation  do  I'onde  diffusde. 

Qu'onlin.  la  transmission  dans  la  direction  do  rdllexion  spdculaire  est  en  gdiidral  nioins  bonne  lorsque  la 
retloxion  a lieu  sur  lo  sol  plutot  quo  siir  la  iner. 


d QONStQL  tNChS  DH  LA  DIFFUSION  FT  DF  LA  DFPOLARISA  LION  DFS  OFM 

DANS  LFS  PKOBLFMFS  DF  RFTRODIFFUSION. 

Lo  principe  dos  sondeurs  a retrodiffusion  est  bien  conmi.  une  onde  dlectroniagndtique  dniise  du  sol  est  rdfraetde  par 
I'lonosphdro  ot  reviont  an  sol  a une  distance  do  plusiours  containes  do  kilometres  du  point  d'dmission.  La  retrodiffusion 
par  le  sol  donne  naissance  a une  onde  qui  rovient  vers  le  point  d'emission  oil  elle  peut-dtre  captde. 


Lo  mdcanisme  de  la  formation  des  dclios  de  retrodiffusion  peut-dtre  analyse-  facilenient  a partir  du  diagramme  de  la 
figure  d donnant  les  variations  du  temps  de  propagation  t en  fonction  de  la  frdquenco  d'dmission  f . 

A un  instant  donnd  la  foniiation  de  I'eclio  est  due  ( fig.d  I 

il  un  rayon  dil  bas  ( I I avant  atteint  la  distance  D,  , le  mode  de  propagation  dtant  le  meme  a I'aller  qii'au 
retour. 

a un  rayon  dit  liaiit  (4)  ayant  atteint  la  distance  Dj  . lo  mode  de  propagation  dtant  le  mdme  a I'aller  qu'au 
retour 

a un  mode  de  propagation  mixte  constitiic  par  deux  rayons  atteignant  une  distance  D;  dii  a une  trajectoiro 
ailer  de  type  liaut  (ou  basi  ot  a une  trajectoiro  retour  de  type  bas  (ou  liaiit)  causee  par  I'offot  do  diffusion  quasi 
isotrope  do  la  surface  terrestre  au  voisinage  de  la  direction  d'incidence. 

Fn  rdsumd  I'effet  de  diffusion  des  ondes  par  le  sol  fail  apparaitro  Irois  modes  de  propagation:  liaut.  bas.  mixte. 

L'lnfluence  du  champ  magndtique  terrestre  el  I'effet  de  ddpolarisation  du  au  sol  complique  la  propagation  puisque 
cliaque  mode  incident  donne  naissance  a un  mode  do  propagation  ordinaire  et  extraordinaire,  et  quo  I'effet  de  depola- 
risation du  sol  introduit  a son  tour  un  dedoublement  des  modes  de  propagation  pour  les  trajectoires  de  retour  .-\insi 
cliacun  des  4 inodes  de  propagation  pour  les  trajectoires  ailer  induit  4 modes  de  propagation  pour  les  trajectoires  relour, 
conimo  I'illustre  le  tableau  de  la  figure  4(al. 


Los  mouvemonts  des  couches  ionosplieriques  introduisent  pour  chaque  mode  de  propagation  dos  variations  de 
cliemin  optique  qui  se  IraduisenI  par  I'effet  doppler  bien  connu.  Compte  lenu  du  fait  que.  pour  les  frequences  utilisables 
dans  les  sondages  par  retrodiffusion.  les  cliemins  des  modes  ordinaires  et  exlraordinaires  sont  tri-s  voisins.  on  oblient 
finalement  un  spectre  constitue  par  4 quadruplets  correspondant  au  mode  de  propagation  haul,  bas  et  mixte 


Les  ecarts  de  frequence  entre  chacune  des  raies  et  la  frequence  d'dmission  traduit  Teffet  Doppler,  et  I'apparition  des 
quadruplets  I'effet  Faraday.  Le  fading  affectant  les  signaux  revus  resulte  de  I'interference  entre  ces  differentes 
composantes  spectrales. 


Le  calcitl  des  spectres  des  signaux  de  retrodiffusion  a etc  effectue  a partir  d'une  modele  paraholique  de  I'ionospbere 
defini  par  sa  frequence  critique  Fj.  . la  hauteur  du  maximum  d'ionisation  11, y,  . et  sa  demi  epaisseur  Y,„ 

L'amplitude  de  chaque  composante  a etc  calculec  a partir  de  I'equation  classique  du  radar  dont  I'applicalion  au  cas 
des  propagations  ionosplieriques  donne  pour  la  puissance  reyue  dP,  : 


dPr  = P„  A^  ( 


sm  i|  sin 


pti: 

IdD/ldl) 


(5DI^ 


Fxpression  dans  laquelle:  (fig. 5) 


A 

(•e 

da 

P 

I,  el  ij 

D 


puissance  emise 

coefficient  d'absorplion  deviative  et  non  deviative  dans  rionosphore 
gain  d'anlenno  a remission 
gain  d'antenne  a la  reception 

ouverture  a/imutale  du  lobe  d'antenne  supposee  idenlique  a remission  el  a la  reception 
carre  du  modele  du  coefficient  de  diffusion  du  sol 

angles  d'incidence.  respectivement  pour  la  trajectoiro  ailer  et  pour  la  trajcctoire  retour, 
distance  alleinte 


t 

f 

I 

! 

1 

I 

» 

I 

I 


i! 


li 
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Lfs  ilcplaccmoiils  cn  Ircciiicncc  om  etc  calciiles  par  rintcrmediairc  dii  L'licmin  optK|Uc  dc  cliaciin  dcs  rayons  La 
variation  dv  phase  0 le  lont:  d'un  trajet  pouvant  se  niettre  sous  la  I'orine: 

0 = 01  + 02  . 
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^ _ 2Roj  sin  0 
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ct 
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4>,  = - - --  dH 

c J||^  |n^(  R + lll^  — ( R + H„  sinMo  ]' ^ 

oil  ( I’iii.?  ( 

R ; rayon  terrestre 
CO  pulsation  de  I'onde  einise 

H„  hauteur  dll  has  de  la  eouehe 

llj  hauteur  de  retlexion 

0 angle  geoeentrii|ue  de  la  trajeetoire 

i„  angle  d'lneidenee  de  I'onde  a la  hauteur  h 

n indice  dii  milieu  a la  hauteur  h 

e Vitesse  de  la  luiniere  dans  le  vide. 

Les  resiiltals  ohtenus  sont  ilhistres  par  les  figures  h et  7 qui  montrent  qiie: 

l.es  trois  inodes  de  propagation  out  des  amplitudes  eoniparahles  an  voisinage  de  la  foealisation  et  ipie  seul  siih- 
siste  le  rayon  has  loin  de  la  foealisation. 

Les  eoiirhes  de  phase  0 versus  1)  e font  apparaitre  des  variations  rapides  de  la  phase  en  lonetion  de  la 
distaiiee  pour  le  rav  on  haut 

t'es  eourhes  out  ete  ealeulees  pour  un  ensemhle  de  h.^  figurations  des  eouehes  permettant  une  representation  de  tons 
les  etats  standards  de  I'ioiiosphere 

II  a ete  possihle  ainsi  de  ealeuler  la  frei|uenee  Doppler  I j dont  est  atteete  ehaeuii  des  modes.  Le  resultat  des  ealeuK 
menes  par  ordinateur  a perniis  d'expriiiier  I'ettet  Doppler  par  la  relation 
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derivees  paitielles  de  la  variation  de  phase  dont  les  valeurs  sont  donnees  siir  les  planehes  vies  ligures  x.  n.  10 


( es  resullats  font  resortir  ipie 

la  lrei|uenee  Doppler  dii  rayon  niixte  est  la  moyeiine  arithmetu|ue  des  Ireiiuenee  Doppler  des  ray  ons  has  et  haut 
le  ravoii  has  est  pen  affeete  par  les  v.mations  vie  la  Ireipieiiee  eritupie  alors  qiie  le  lay  on  haul  y esi  tres  sensible 

les  variations  de  haiileur  dii  maxiiiuini  d'ionisation  et  de  la  deiiii  epaisseur  alteeteiit  de  laeon  seiiihlahle  tons 
les  r.iy  oils 

( es  ealeiils  permetlent  de  monirer  qiie  I'ellet  1 araday  se  tradiiil  par  la  creation  des  i|uadiiiplets  preceilenimeiil  cites 
mais  dont  I'ohservatioii  parait  actiiellenieiit  pen  prohahle.  le  dedouhlenienl  des  r.iies  mitiales  n etani  qiie  de  quehpies 
inilliemes  de  hertz 
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4.  VERIFIC  ATIONS  EXPERIMENTALES 

Les  vcrifit  ulions  exporiiiKMitalcs  ont  tHe  Caites  a parlir  d'lin  sonJeur  ioiiosp)R'ric)uc  a retrodifrusion  installe  a Ki'nni-!. 
(I  ranccl.  Les  cssais  ont  etc  etiectiies  avec  line  direction  de  tir  situee  dans  le  snd  de  fai,'on  a avoir  une  retrodittusion  siir  le 
sol  et  non  sur  la  iner.  Les  niesures  ont  etc  confrontcR'S  avec  les  calculs  theoriqiies  elTectnes  a partir  de  sondatte  /enitliaiix 
obtenus  a la  station  de  Lannion  (France). 

Les  resultats  presentes  ici  correspondant  a une  scrie  de  mesures  effectuees  diirant  le  niois  de  Septeinbre  I ‘>75 

Durant  cette  periode  les  moyennes  mensuelles  des  parainetres  F\.  , , Flo  = des  couches  ont  etc 

representees  sur  la  tipure  I 1(a).  II  est  alors  possible  d'en  deduire  pour  chacun  des  rayons:  haul.  bas.  mixle.  les  t'rch)uences 
doppler  (lip.  1 1(b). 

II  apparait  que  le  matin  les  Irequences  Di'ppler  calculees  sont  positives  et  le  soir  nepatives. 

Les  resultats  expiYimentaux  ont  ete  obtenus  par  I'litilisation  d'un  sysleme  d'analyse  spectrale  dont  la  resolution 
maximale  est  de  0,01  Hertz. 

La  lipure  I 2 rnontre,  en  exemple,  d enrepistrements  types  elTectues  le  matin,  en  milieu  de  journee  et  le  soir.  On  pent 
observer  la  presence  de  Irois  raies  dont  les  frequences  doppler  sont  positives  le  matin  et  nepatives  le  soir.  Fn  milieu  de 
journee  les  trois  raies  sont  confondues,  les  variations  des  parainetres  ionospheriques  etant  tres  faibles  a ces  heures. 

La  confrontation  des  resultats  des  mesures  direcles  el  des  calculs  menes  a parlir  de  sondapes  zenithaux  a cde 
eltectuee  en  reportant  I'ensemble  des  points  lies  mesures  directes  sur  le  praphique  de  la  fipure  12  et  en  determinant  la 
droite  de  repression.  Cette  droite  de  repression  comparee  a celle  obtenue  par  le  calcul  rnontre  le  bon  accord  des  resultats 
experimentaux  el  lheorii]ues, 

Une  corridation  etablie  a partir  des  resultats  obtenus  sur  le  Journee  du  US  Septeinbre  107,2  rnontre  encore  le  bon 
accord  entre  les  resultats  Iheoriques  et  cxperiinentaux. 


CONCLUSION 

Les  effets  de  diffusion  des  ondes  eleciromapnetiques  par  le  sol  sont  causes  de  I'apparilion  de  Irois  raies  principales 
dans  les  spectres  d'echos  de  rctrodiffusion. 

Ces  trois  raies  sont  observees  dans  les  relevcs  experimentaux.  II  apparait  que  les  positions  de  ces  raies  sont  correlees 
avec  les  variations  des  parainetres  ionospheriques. 

Une  modelisation  parabolique  de  I'ionosphere  permet  de  relier  de  fayon  quantitative  la  frequence  Doppler  de  chaqiie 
mode  aux  vitesses  de  variation  de  la  frequence  critique,  de  la  demi  epaisseur  et  de  la  hauteur  du  maximum  d'ionisalion 
des  couches. 

Des  lors,  il  parail  envisapeable  d'lililiser  ces  resultats  pour  affiner  des  inelhodes  de  previsions  ionospheriques  a Ires 
court  terme. 
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r.V  PROPAGATION  CH\B ACTPP T GT ICG  OF  FURFAGF  ''ATF'JTAI.R  AND  INTFRrACF  ASPFCTF 

Participants  at  Bouml  TaMe;  M..I.MBTCcBt  fChairmanl 

.1 . . Bn  1 rose 

A . K' , B i n g s 
I. . B . Bel  sen 
F.Baschke 

In  his  initial  comments,  H. J ■ Albrecht  emphasized  the  suitability  of  round-table  dis- 
cussions as  a method  of  summarizini;  results  of  a scientific  meeting,  with  particular  re- 
gard to  the  state  of  the  art,  enRineerint!  aspects,  and  promising  areas  of  research.  He 
then  introduced  the  particioants  at  the  round  table  and  invited  the  audience  to  contri- 
bute to  the  discussion. 

Referring  to  a previous  meeting  held  1967  in  Turkey  (in  Ankara,  Conference  Proceedings 
No.  73,  edited  by  K.  Davis,  issued  1970),  J . B . Bel  rose  enquired  on  progress  achieved  in 
work  then  reported  and  relevant  to  the  subject  of  this  meeting.  Particrl'r  reference  was 
made  to  studies  on  propagation  over  ice-covered  sea,  displaying  real  discontinuities  in 
conductivity  and  lesser  forms  of  this  phenomenon  over  rather  stratified  media  in  ground- 
wave  propagation. 

A . W . B i g g s commented  on  this  subject  and  described  experiments  conducted  in  Alaska  and 
Greenland  over  a deeper  ice  area  with  the  objective  of  finding  evidence  for  surface-wave 
propagation.  However,  signal  enhancements  observed  were  apparently  due  to  the  recovery 
effect  as  a consequence  of  a ground  wave  travelling  without  too  much  attenuation  over 
sea  water  and  then  touching  an  area  of  considerably  different  refractive  index. 

H. J . Albrecht  added  that  he  contributed  himself  to  the  appropriate  session  of  the  Ankara 
meeting  as  an  author  and  co-author,  one  of  the  papers  referring  to  a propagation  path 
using  buried  antennae,  one  on  a verv  low  frequency  and  one  around  one  GHz,  the  latter 
one  enclosed  in  a radome  to  make  sure  that  the  lossy  medium  would  not  he  in  the  direct 
surroundings  of  the  antenna.  He  added  that  the  objectives  of  this  particular  work  had 
heen  reached  some  time  ago,  and  that  it  had  not  been  continued. 

Turning  to  another  subject,  H.,1  .Albrecht  drew  the  attention  of  the  audience  to  propaga- 
tion in  interface  media  as  one  of  the  possibly  promising  areas  of  research,  and  particu- 
larly mentioned  the  variable  effect  of  ground-inversion  layers  upon  propagation  paths, 
as  indicated  in  the  paper  contributed  bv  1. . Fehlhaher  and  H.G  .Giloi  . His  comments  further 
referred  to  consequent  changes  in  multipath  fading  characteristics  of  anv  particular  link 
suffering  from  the  sum  of  the  direct  rav  plus  the  reflected  rav,  due  to  changes  in  the 
altitude  and  in  the  refraction  characteristics  of  the  inversion  layer.  This  leads  to  va- 
riations in  the  modes  that  may  appear  in  the  duct,  and  is  directly  connected  to  more  me- 
teorological questions.  Confirming  these  comments  from  a meteorological  point  of  view, 

F. . Raschke  stated  that  appropriate  measurements  would  have  to  he  done  in  each  case,  at 
heights  up  to  about  250  meters,  because  relevant  inversion  layers  mav  demonstrate  appro- 
priate intensity  up  to  that  order  of  altitude.  Considering  weather  situation,  cloud  cover, 
as  well  as  the  total  influxes  of  moisture  and  heat  going  from  ground  into  the  air,  and 
the  radiation  budget,  a theoretical  model  mav  possibly  be  established  for  calculation  and 
prediction  of  propagation  effects. 

Referring  to  the  subject  under  discussion,  B . van  Pi j 1 addressed  the  question  of  a possi- 
ble relation  between  inversion  layers  and  the  type  of  soil,  not  only  in  the  case  of  val- 
leys but  generally.  H . J . Albrecht  mentioned  a recent  paper  with  some  connection  to  this 
problem  (G . Zdunkowsk  i , J.Paegle,  .T.P.Reillv,  The  effects  of  soil  moisture  upon  the  atmo- 
spheric and  soil  temperature  near  the  air-soil  interface.  Arch.  '*et.  Geoph . Bio.,A-24, 
pp.  245-268,  1975).  In  his  reply,  F.  Raschke  emphasized  the  effect  of  heat  conductivity 
and  moisture  of  the  soil  and  mentioneil  as  an  example  that,  with  enough  moisture  availa- 
ble to  be  evaporated,  an  inversion  mav  not  be  as  intense  as  in  the  case  of  a very  dry 
surface  with  low  heat  conduc t i vi ty .Thi s conductivity  here  refers  to  heat  flow  from  the 
ground  into  the  air  because  the  inversion  should  alwavs  be  considered  as  some  tvpe  of 
steady  state  of  equilibrium  between  vertical  heat  flux,  radiation,  and  heat  penetrating 
into  the  ground,  and  vice  versa  from  the  ground  into  the  air.  There  is  thus  a pronounced 
relationship  between  some  soil  tvpe  and  the  intensity  of  an  inversion.  Bummarizing  the 
discussion  so  far,  H..1 . A1  hrecht  then  referred  to  the  importance  of  theoretical  aspects 
in  interface  problems. 

In  addressing  the  subject  of  ground-wave  and  ducted  propagatjon  theory,  1, . B . Fe  Isen  poin- 
ted out  that  interface  properties  can  be  represented  in  terms  of  surface  impedance.  Work 
has  heen  done  on  propagation  over  ground  that  can  have  variable  siirface  impedance  and 
discontinuities  in  surface  impedance;  the  techniques  developed  are  primarily  integral 
equation  techniques  and  mode-matching  techniques.  He  added  that  the  surf ace- impedance 
concept  is  not  alwavs  applicable.  If  it  is  necessary  to  look  beneath  the  surface,  one 
cannot  just  close  the  surface  off  by  means  of  a surface  impedance.  With  stratification 
under  the  ground  and,  in  particular,  with  possible  discontinuities  in  stratification 
where  layers  terminate  abruptly  and  then  join  onto  some  other  lavers,  one  must  employ  a 
more  detailed  analysis  of  propagation  and  junction  problems.  This  is  also  true  for  a 
forest  environment,  with  propagation  taking  place  over  smooth  ground  and  a junction  dis- 
continuity being  represented  hy  the  forest  boundary.  Thus  the  general  problem  of  discon- 


Rri>: 


tinuitles,  essentially  of  abruptly  terminated  slab  repions,  requires  attention  and  can 
be  approached  by  different  techniques,  "ost  customary  is  the  mode-ma t ch i np  procedure 
whereby  the  field  on  either  side  of  the  J i scont  i n>ii  t v is  represented  in  terms  of  the 
characteristic  modes  that  can  propapate  there, and  then  these  fields  are  matched  across 
the  interface  to  satisfy  required  continuity  conditions.  This  leads  to  an  infinite  sys- 
tem of  equations  or  to  an  intepral  equation,  either  of  which  has  been  treated  hy  nume- 
rical methods.  1, . R . Pel  sen  then  continued  that  while  numerical  methods  have  been  employed 
very  extensively  and  are  in  principle  capable  of  peneratinp  hiphlv  accurate  answers,  it 
Is  necessary  to  look  much  more  closely  at  the  errors  inherent  in  a numerical  procedure 
before  a numerical  solution  can  he  accepted  with  blind  faith.  Thus,  the  quality  control 
of  numerical  solutions  requires  attention.  Also,  numerical  solutions  of  intepral  equa- 
tions are  not  very  efficient  for  problems  involvinp  "hiph"  frequencies  whereby  a pround 
inhomopeneity  or  a junction  effect  appears  larpe  compared  to  the  wavelenpth.  This  is  so 
because  the  discretization  of  the  intepral  has  to  be  such  that  each  wavelenpth  contains 
several  sepments  , thereby  makinp  the  number  of  sepments  unacceptably  larpe.  To  deal  with 
this  difficulty  one  attempts  to  extract  the  predominant  hiph  frequency  behaviour  of  a 
particular  scatter’np  problem  hy  analytical  means,  and  the  comnuter  is  then  more  effi- 
ciently applied  to  the  residual  low  frequency  content.  This  area  representinp  a mixture 
of  analytical  and  numerical  methods  requires  urpent  attention. 

L.  R.  Felsen  continued  that,  in  connection  with  d\icts  or  layers,  one  should  not  limit  hin- 
self  immediately  either  to  a study  in  terms  of  the  puided  modes  of  the  layer  or  a studv 
in  terms  of  the  ray-optical  model  of  the  laver.  Roth  methods  have  their  areas  of  apnli- 
cahility;  recent  techniques  have  been  developed  which  allow  one  to  chanpe  from  a ray- 
optical  description  to  a puided-mode  description.  Thus,  it  is  not  necessary  to  adhere 
to  the  ray-optical  description  of  ducted  propapation  once  a sttidy  has  so  commenced:  ray- 
optical  descrintions  may  he  used  in  the  vicinity  of  the  source  where  they  are  more  effi- 
cient while  further  alonp  the  duct,  they  mav  he  converted  to  a mode  descriot^h. 

Contlnuinp,  1. . P . F e 1 s e n indicated  the  steady  need  for  statistical  apnroaches.  ’’anv  pro- 
papation paths  have  statistical  content.  The  statistical  asnects  of  the  pronapation  me- 
chanism have  to  he  explored  more  viporoiislv.  IVhile  the  influence  of  statistical  surface 
properties  on  pround  waves  has  been  taken  into  account  quite  frequently  in  connection 
with  reflection  and  scatter  phenomena,  the  effects  fref lect i on , transmission  and  pui- 
dinpl  of  two  penetrable  media  separated  by  a randomly  varyinp  interface  have  been  piven 
little  consideration.  Tn  this  context,  1. . P . Fe  1 sen  supported  the  approach  of  one  of  the 
papers  presented  durinp  the  meetinp.  He  then  suppested  to  the  theoreticians  to  keep  in 
touch  with  the  practitioners  as  much  as  possible  for  the  niirnose  of  choos  i np,model  s fo"- 
their  theoretical  analysis.  A theoretical  model  which  can  he  solved  is  notilh^essari  Iv 
optimum  if  it  has  to  he  anplied  to  a practical  situation.  On  the  other  hand,  a warninp 
has  to  he  piven  to  the  practitioner  as  well.  Takinp  measurements  first  and  then  askinp 
the  theoreticla*  for  an  analysis  is  not  an  optimum  approach;  usually  such  data  material 
is  so  complicated  that  sipnificant  features  cannot  he  extracteil.  1. . P . F%1  sen  emphasized 
the  importance  of  scientific  meetinps  like  the  present  one,  to  e s t a M i a~continuinp 
dialopue  between  practitioners  and  theoreticians  so  that  thev  can  learn  to  appreciate 
each  other's  problems.  II . .1 . Albrecht  supplemented  these  comments  by  remarks  on  the  task 
of  AGARP  as  a scientific  advisory  i ns  t i t\it  i on  ,wh  i ch  is  scientific  research  as  well  as 
valid  engineering  advice  to  all  the  entities  requiring  such  assistance  within  \\T0.  In- 
terface aspects  between  theory  anil  practice  are  addressed  verv  frequently  in  inAHn  ac- 
tivities. 

Referring  to  1. . R . Fel  sen  ' s comments  on  the  surface- i mpedance  concept,  K . P . Pecker  asked 
when  this  concept  should  he  used  and  when  it  should  not  be  useil  under  anv  circumstances. 
In  reply,  1, . R . Fel  sen  supported  the  impedance  concept  as  a verv  ^od  one  if  the  medium  is 
highly  lossy  and  i f the  source  is  removed  sufficiently  far  fror^he  interface  so  that 
no  interaction  can  occur  between  source  ami  interface  via  the  storage  fields.  This  im- 
plies that  the  interface  is  in  the  radiation  zone  fi.e.,  out^of  the  near  field  zonel  of 
the  source.  In  that  fashion,  the  concept  was  originally  formulated  by  l.eontovitch  in  the 
1940s.  Tt  is  also  possible  to  use  the  sur face- i mpedance  concept  rigorously  as  long  as 
only  propapation  within  a single  mode  is  considered.  Kith  £ single  mode,  even  over  a 
stratified  medium,  one  can  look  into  the  medium  vert ical lv»an  1 obtain  an  input  impedance 
to  it,  which  then  becomes  an  effective  surface  impedance  for  that  mode.  Rut  a different 
mode  generally  sees  a different  effective  surface  impedance.  Under  certain  conditions  -- 
i.e.,  with  certain  combinations  of  medium  constants  and  propagation  characteristics,  and 
with  a limited  spectral  range  of  the  mode  --  it  is  possible  to  make  variations  in  these 
modal  impedances  fairly  small.  One  can  then  use  a surface  impedance  for  several  modes, 
even  though  the  medium  is  somewhat  transparent,  '♦iit  this  mav  depend  sensitively  on  f-o 
arrangement  of  the  dielectric  constants.  The  safe  wav  to  proceeil  is  to  set  up  the  pr  ■'>- 
len  rigorously  (for  example,  in  a mul t i - 1 avered  mediumi  and  ascertain  the  circumstances 
under  which  simplifications  leading  to  a valid  surface  impedance  can  he  recognized.  In 
summary,  the  surface-impedance  concept  i'  a useful  hut  limited  one;  it  should  he  approa- 
ched with  great  care  and  caution. 

Commenting  on  I, . R . Fe  1 sen  ' s remarks  on  the  relation  between  theory  and  experiment, 

.7 . R . Rel  rose  reported  on  projects  at  the  Cortaun  i ca  t i on  Research  Centre  at  Ottawa,  in  par- 
tlcular  on  the  propagation  over  actual  earth  an.l  on  a computer  programme  dealing  with 
such  propagation  for  the  purposes  of  engineering  nr  spectral  management  of  communication 
circuits.  At  frequencies  of  VHF  and  "IT,  a romputer  programme  had  been  (ievelopeii  based 
on  empirical  and  semi -empi  r i ca  1 methods,  not  rigorous  ones,  to  calculate  field-strengths. 
The  programme  includes  a complete  topograph i ca 1 map  of  the  area  of  concern.  Tt  is  simple 
for  the  user  who  only  has  to  enter  the  geographical  coordinates  of  transmitter  and  re- 
ceiver, heights  of  antennae,  and  power  of  the  transmitter,  experiments  are  being  con- 


r 
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ductPd  to  test  the  acciiracv  of  the  computer  nrocranme  with  respect  to  realitv.  Referring 
to  t. . R . Pel  sen ' s paper  and  his  description  of  the  physical  picture  of  f>round-wave  propa- 
pation  in  the  presence  of  smooth  hills  and  depressions,  J . s: . Re  1 rose  commented  on  smooth- 
ness criteria,  and  mentioned  that  some  mul  t i - re  f 1 ec  t i on  hoppinp  modes  or  whispering  (>al- 
lerv  modes  implv  a surface  smoothness  rarelv  found  in  nature.  He  emphasized  the  practi- 
cal importance  of  propagation  over  hills  anrl  depressions,  ind,  as  an  example,  the  ex- 
tent of  the  shadowing  effect  of  a depression  for  VHP  and  hhp  sip.nals.  H ..1 . A1  hrech  t com- 
mented hrieflv  on  the  topopraphic  map  of  an  area  of  concern  heinp  storecl  in  a computer 
programme ,wh i ch  is  also  referred  to  as  digital  mapping  of  communication  links,  and  also 
on  the  resolution  being  limited  with  regard  to  path  profile  and  undisturbed  troposheric 
conditions.  Kith  any  sort  of  ground- i nvers i on  laver,  and  other  disturbances,  this  ap- 
proach is  not  verv  suitable.  There  have  been  some  attempts  in  Purope  in  this  direction, 
as,  for  instance,  bv  the  German  '’TT , but  this  and  similar  concepts  are  in  line  with  work 
done  in  the  United  States  some  vears  ago,  hv  the  US  \rmv  Topographic  Gommand.  He  also 
referred  to  an  appropriate  contribution  of  this  entitv  to  an  \G\Rn-Svmnos i urn  sponsored 
bv  this  Panel,  and  held  in  Colorado  in  IP’’!,  on  "Propagation  Limitations  in  Remote  Sen- 
sing” (Conference  Proceedings  \'o.  00). 

In  replv  to  .1 . S . Re  1 rose  ' s question,  1, . R ■ Pe  1 sen  mentioned  that,  as  a theoretician,  one 
tries  to  understand  the  physical  mechanism  of  propagation  that  can  be  supported  bv  a 
particular  surface.  Here  emphasis  is  placed  upon  concave  surfaces  which,  unlike  convex 
surfaces,  have  not  been  adequately  investigated  before.  Under  certain  circumstances,  as 
noted  above,  the  surface-imnedance  concept  is  applicable.  Presently,  attempts  are  being 
made  to  understand  how  the  wave  tvpes  dealt  with  in  the  paper  are  affected  by  surface 
impedance.  It  is  quite  likelv  that  the  whispering  gallerv  modes  that  propagate  closest 
to  the  ground  are  attenuated  if  the  surface  imne<lance  is  sufficiently  lossy,  so  that  the 
rav-optical  fields  then  become  the  prime  contributors.  If,  on  the  other  hand,  the  soil 
has  verv  little  dissipation  associated  with  it,  and  if  the  propagation  takes  place  over 
smooth  profiles  (for  example,  sand  dunes  in  the  desert)  the  model  in  the  paper  and  the 
corresponding  mechanism  mav  reallv  be  operative.  Thus  each  environment  has  to  be  looked 
at  in  its  own  right.  Tn  the  case  of  vegetation,  the  model  and  the  kind  of  analysis  in- 
dicated may  have  to  be  generalized. 

H . .1 . Albrech t added  that  with  vegetation  as  an  example,  a model  mav  become  considerably 
more  complicated,  and  if  ad  hoc  models  are  visualized,  it  might  even  be  relatively  easy 
to  include  the  meteorological  characteristics  of  the  surroundings,  more  or  less  ip  line 
with  F . Raschke ' s comments  at  the  beginning  of  the  round-table  discussion.  He  then  sug- 
gested to  use  the  remaining  few  minutes  of  the  discussion  perioi  to  to\ich  \ipon  the  sub- 
iect  of  the  possibility  of  remote  sensing  methods  for  the  prediction  of  propagation  be- 
haviour or,  in  other  words,  tbe  use  of  global  remote  sensing  nr  at  least  remote  sensing 
over  wide  areas  to  monitor  characteristics  mainlv  of  the  interface  between  ground  and 
tropospheric  propagation  medium,  and  per’'aps  even  of  the  surface-ground  characteristics. 
He  referred  to  F . Raschke ' s paper  and,  in  particular,  to  the  discussion  of  the  usefulness 
of  present  remote  sensing  methods  in  analyzing  data  for  propagation  work,  as  well  as  to 
the  catalogue  presented  in  the  paper  on  the  present  statiis  of  knowledge. 

F.nlarging  upon  tbe  catalogue  iust  mentioned,  ''.Raschke  emphasized  that  only  a few  charac- 
teristics mav  be  o'^serverl  from  space  or  a i rnl  ane . The  -st  effective  one  in  propagation 
work,  the  refractive  index  distribution  in  the  lower  troposphere,  cannot  bg  observe! 
from  space  or  airplane  'lecause  the  exact  structure  of  the  planetary  boundary  laver  is 
not  known  and  cannot  be  vlerived  with  remote  sensing  methods.  Tn  this  case,  some  indirect 
indications  mav  have  to  be  used,  as  the  planetary  boundarv-1 aver  stratus,  or  dust  lay- 
ers, etc.  Kith  regard  to  the  surface,  the  most  promising  parameter  to  be  monitored  from 
space  seems  to  be  moisture.  This  is  also  of  interest  from  the  meteorological  point  of 
view,  because  the  moisture-evaporation  flux  is  a h\ige  heat  flux.  Almost  SOI  of  the  heat 
exchange  between  air  and  ground  is  due  to  evaooration.  This  quantity  mav  be  observed 
with  an  accuracy  approximating  onlv  SO«  . 

Rome  preliminary  results  obtained  in  a current  proiect  were  reported  upon  bv  A , K’ , P i g g s ■ 
During  the  earlv  summer  of  IRTi  and  thereafter  attention  was  paid  to  the  areal  1 i s t r ' b u - 
tion  and  i ce- th  i ckness  distributions  over  the  Great  Lakes  in  the  Hnite<!  Rtates  and  also 
with  the  arctic  sea-ice  north  of  Point  "arrow  in  the  vicinity  of  Labrador.  The  use  of  a 
side-looking  airborne-radar  system  resulted  in  a verv  broad  coverage  of  the  ice  distri- 
bution. ''eas uremen t s were  conducted  during  dav  and  night.  Ice-tvpes  could  bp  identified 
verv  well,  in  terms  of  old  ire,  new  ice,  etc.  Following  an  ice-radar  picture  over  the 
areal  coverage  image  a short  nulse  radar  was  employed;  this  is  '■'asicallv  a vertical  in- 
cidence radar  based  on  specular  reflection  and  not  back -sea t ter . 'n  the  Great  Lakes,  ice 
was  detected  up  to  several  fort  in  thickness,  while  in  sea-ice  depths  were  twelve  inches. 
The  purpose  of  these  investigations  is  connected  to  the  period  of  navigability  which  now 
extenils  throughout  the  entire  year  insteaii  of  ending  in  Decem' er  and  commencing  again  in 
April.  This  has  increased  tbe  tonnage  by  almost  2^1,  and  thus  represents  an  economic  fac- 
tor. The  motivation  of  the  survey  of  ice  north  of  Point  Rarrow  is  again  economic,  i.e. 
oil  barges  are  moved,  but  onlv  regions  with  thin  ire  can  be  used.  To  a degree  this  con- 
cerns propagation  problems,  inasmuch  as  anomalies  of  propagation  over  the  surface  are 
cons i dered . 

Concluding  this  round-table  ilisrussion,  I'  ■ .1 . Albrecht  again  referred  to  its  main  obiecti- 
ve , namely  the  discussion  of  state  of  the  art,  eng i neer i ng  aspects,  and  promising  areas 
of  research.  He  emphasized  the  importance  of  the  last  item  and  expressed  hope  that  an 
.adequate  number  of  i.le.as  and  suggestions  had  been  discussed,  "e  summarized  the  dis- 
cussion and  stated  that  all  the  obiectiv'es  were  dealt  wit''  as  much  as  possi'^le  in  the 
limited  period  ava i 1 ab 1 e . R i na 1 1 v , be  thanked  round-table  participants  and  the  nudlence. 
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‘il^Abstract 

In  the  field  of  electromagnetic  wave  propagation,  essential  limiting  conditions  may  be 
represented  by  characteristics  and  behaviour  of  boundaries  of  the  propagation  environment. 
Ehe  performance  of  propagation  paths  may  depend  significantly  upon  variations  in  such 
surface  properti*" 

.A  Specialists’  Mee'ing  was  particularly  concerned  with  surface  characteristics  and  accounted 

• for  the  increasing  iniiiortance  of  appropriate  parameters  for  a number  of  modern  fields  of 
research  and  engineering  applications,  such  as  remote  sensitig  and  surveillance,  target 
recognition,  sub-surface  propagation,  etc.  Sessions  dealt  with  EM  surface  characteristics, 
prop.ig.ition  in  interface  media,  and  global  distribution  of  E.M  surface  characteristics. 

.Material  presented  and  discussed  was  supplemented  by  a round-table  discussion. 

I he  meeting  provided  a review  of  the  state  of  the  art  in  this  field  of  research,  discussed 

* theoretical  aiul  engineering  aspects,  and  indicated  promising  areas  of  research. 

Papers  and  discussion  material  in  this  publication  were  presented  at  the  Specialists’  Meeting 
r)l  the  .AtiARD  Electromagnetic  Wave  Propagation  Panel  on  *EM  Propag.ition  Characteristics 
ot  Surlace  Materials  and  Interface  .Aspects’?  held  in  Istanbul.  Furkey.  on  18th  and  Dhh 
October  1976. 
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lUictPd  to  test  the  accuracy  of  the  computer  nrocramme  with  respect  to  reality,  leferrinp. 
to  1. . P ■ Pel  sen ' s paper  and  his  description  of  the  physical  picture  of  ground-wave  propa- 
cation  in  the  presence  of  smooth  hills  an<l  depressions,  J.'^.Relrose  commented  on  smooth- 
ness criteria,  and  mentioned  that  some  mul t i -re f 1 ec t i on  hoppinp  modes  or  whisperinc  yal- 
lerv  modes  imply  a s\irface  smoothness  rarely  found  in  nature.  |!e  emphasized  the  practi- 
cal importance  of  propagation  over  hills  am!  depres<;i  ons  , and,  as  an  example,  the  ex- 
tent of  the  shadowing  effect  of  a depression  for  VIIF  and  "HF  signals.  H.  J . A1  hrcch  t com- 
mented briefly  on  the  topographic  map  of  an  area  of  concern  being  storeTl  in  a computer 
programme .which  is  also  referred  to  as  digital  mapping  of  communication  links,  and  also 
on  the  resolution  being  limited  with  regard  to  path  profile  and  undisturbed  troposheric 
conditions.  Kith  any  sort  of  ground- i nvers i on  layer,  and  other  disturbances,  this  ap- 
proach is  not  very  suitable.  There  have  been  some  attempts  in  Furope  in  this  direction, 
as,  for  instance,  by  the  German  fTT , hut  this  and  similar  concents  are  in  line  with  work 
done  in  the  United  States  some  years  ago,  hv  the  US  Armv  Topographic  Command.  Ue  also 
referred  to  an  appropriate  contribution  of  this  entity  to  an  \r.\PP-Svmnos  i urn  snonsored 
hv  this  Panel,  and  held  in  Colorado  in  IP"'!,  on  "Pronagation  I. imitations  in  Remote  Sen- 
sing” (Conference  Proceedings  No.  SO'). 

In  reply  to  .1 . S . Bel  rose  ' s question,  I. . B . Fel  sen  mentioneii  that,  as  a theoretician,  one 
tries  to  understand  the  physical  mechanism  of  nropagation  that  can  he  supported  hy  a 
particular  surface.  Here  emnhasis  is  placed  upon  concave  surfaces  which,  unlike  convex 
surfaces,  have  not  been  adequately  investigated  before.  Under  certain  circumstances,  as 
noted  above,  the  surface-impeilance  concept  is  applicable.  Presently,  attempts  are  being 
made  to  understand  how  the  wave  types  dealt  with  in  the  paper  are  affected  by  surface 
impedance.  It  is  quite  likelv  that  the  whispering  gallery  modes  that  propagate  closest 
to  the  ground  are  attenuated  if  the  surface  impedance  is  sufficiently  lossy,  so  that  the 
rav-optical  fields  then  become  the  prime  contributors.  If,  on  the  other  hand,  the  soil 
has  very  little  dissipation  associateil  with  it,  and  if  the  propagation  takes  place  over 
smooth  profiles  (for  examnle,  sand  dunes  in  the  desert!  the  model  in  the  paper  and  the 
corresponding  mechanism  mav  reallv  be  operative.  Thus  each  environment  has  to  be  looked 
at  in  its  own  right.  In  the  case  of  vegetation,  the  model  and  the  kind  of  analysis  in- 
dicated mav  have  to  be  generalized. 


H . .1 . Albrech t added  that  with  vegetation  as  an  example,  a model  mav  become  considerably 
more  complicated,  and  if  ad  hoc  models  are  visualized,  it  might  even  be  relatively  easy 
to  include  the  meteorological  characteristics  of  the  surroundings,  more  or  less  in  line 
with  F . Raschke ' s comments  at  the  beginning  of  the  round-table  discussion.  lie  then  sug- 
gested to  use  tTTe  remaining  few  minutes  of  the  discussion  period  to  touch  unon  the  sub- 
iect  of  the  possibility  of  remote  sensing  methods  for  the  prediction  of  propagation  be- 
haviour nr,  in  other  words,  tbe  use  of  global  remote  sensing  nr  at  least  remote  sensing 
over  wide  areas  to  monitor  characteristics  mainlv  of  the  interface  between  ground  and 
tropospheric  propagation  medium,  an.i  perhaps  even  of  the  surface-ground  characteristics. 
Ue  referred  to  F.Raschke's  paper  and,  in  particular,  to  the  discussion  of  the  usefulness 
of  present  remote  sensing  methods  in  analyzing  data  for  propagation  work,  as  well  as  to 
the  catalogue  presented  in  the  paper  on  the  present  status  of  knowledge. 

Fnlarging  upon  the  catalogue  iust  mentioned,  r.Rascbke  emphasized  that  onlv  a few  charac- 
teristics mav  be  observod  from  space  or  a i rnl a no . Tbe  most  effective  one  in  pronagation 
work,  the  refractive  index  distribution  in  the  lower  troposphere,  cannot  be  observe  1 
from  space  or  airplane  because  the  exact  structure  of  the  planetary  boundary  laver  is 
not  known  and  cannot  be  derived  with  remote  sensing  methods.  In  this  case,  some  indirect 
indications  mav  have  to  be  used,  as  the  planetary  boundary- 1 aver  stratus,  or  dust  lay- 
ers, etc.  I'.'i  th  regard  to  the  surface,  the  most  promising  parameter  to  be  monitored  from 
space  seems  to  be  moisture.  This  is  also  of  interest  from  the  meteorological  point  of 
view,  because  »he  moisture-evaporation  flux  is  a huge  heat  flux.  Almost  Bni,  of  the  heat 
exchange  between  air  and  ground  is  due  to  evaporation.  This  quantity  mav  be  observed 
with  an  accuracy  approximating  onlv  BU’ . 

tome  preliminary  results  obtained  in  a current  project  were  reported  upon  by  \ . K . P i g g s . 
Uiiring  the  earlv  summer  of  1P"’6  and  thereafter  attention  was  paid  to  the  areal  d i s t r i bu- 
tion  and  i ce- th i ckness  distributions  over  the  Great  Fakes  in  the  United  States  and  also 
with  the  arctic  sea-ice  north  of  Point  Barrow  in  the  vicinity  of  I.abrador.  The  use  of  a 
side-looking  airborne-radar  svstem  resulte<i  in  a verv  broad  coverage  of  the  ice  distri- 
bution. "ea suremen t s were  conducted  during  dav  and  night.  Tce-tvpes  could  be  identified 
verv  well,  in  terms  of  old  ice,  new  ice,  etc.  Following  an  ice-radar  picture  over  the 
areal  coverage  image  a short  nulse  radar  was  empinv'ed;  this  is  basically  ,a  vertical  in- 
cidence radar  based  on  specular  reflection  and  not  back-scatter.  In  the  Great  Fakes,  ice 
was  detected  un  to  several  feet  in  thickness,  while  in  sea-ice  depths  were  twelve  inches. 
The  purpose  of  these  investigations  is  connected  to  the  period  of  navigability  which  now 
extenils  throughout  the  entire  year  instead  of  ending  in  upce-'ber  and  commencing  again  in 
April.  This  has  increased  the  tonnage  by  almost  Ig*!-  and  thus  represents  an  economic  fac- 
tor. The  motivation  of  the  survey  of  ice  north  of  foint  Barrow  is  again  economic,  i.e. 
oil  barges  are  move],  but  onlv  regions  with  thin  ire  ran  be  used.  To  a degree  this  con- 
cerns propagation  problems,  inasmuch  as  anomalies  of  pronagation  over  the  surface  are 
considered. 

Goncluding  this  round-table  discussion,  U ..I . A 1 brerh  t again  referre.l  to  its  main  objecti- 
ve , namely  the  discussion  of  state  of  the  art,  engineering  asperts,  and  promising  areas 
of  research.  I'e  emphasizeil  the  importance  of  the  last  item  and  expressed  hope  that  an 
adequate  number  of  i leas  and  suggestions  had  been  discussed,  "e  summarized  the  dis- 
cussion and  state!  that  all  the  obiectives  were  dealt  wit'-  as  much  as  possible  in  the 
limited  perioil  a va  i 1 ah  1 e . i na  1 1 v , he  thanke<l  lound-table  participants  and  the  audience. 
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14.  Abstract 

In  the  field  of  electromagnetic  wave  propagation,  essential  limiting  conditions  may  be 
represented  by  characteristics  and  behaviour  ol  boundaries  of  the  propagation  environment. 
The  performance  of  propagation  paths  may  depend  significantly  upon  variations  in  such 
surface  properties. 

■A  Specialists’  .Meeting  was  particularly  concerned  with  surface  characteristics  and  accounted 
for  the  increasing  importance  of  appropriate  parameters  for  a number  of  modern  fields  of 
research  and  engineering  applications,  such  as  remote  sensing  and  surveillance,  target 
recognition,  sub-surface  propagation,  etc.  Sessions  dealt  with  EM  surface  characteristics, 
propagation  in  interface  media,  and  global  distribution  of  liM  surface  characteristics. 

Material  presented  and  discussed  was  supplemented  by  a round-table  discussion. 

The  meeting  provided  a review  of  the  state  of  the  art  in  this  field  of  research,  discussed 
theoretical  and  engineering  aspects,  and  indicated  promising  areas  of  research. 

Papers  and  discussion  m.iterial  in  this  publication  were  presenterl  at  the  Specialists'  Meeting 
ol  the  A(iARI)  Electromagnetic  Wave  Propagation  Panel  on  “EM  Propagation  Cluiracteristics 
ol  Surlace  .Materials  and  Interface  .Aspects”  held  in  Istanbul,  I urkey.  on  18ih  anil  |9|h 
October  1976. 
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